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PREFACE 

The third annual SLAC Summer Institute on Particle Physics was held on 

July 21-31, 1975 at Stanford. The motivation for these meetings derives from 

the need for continuing education of young people who are working in the field 

and the desire of the SLAC faculty to contribute to this postgraduate educational 

process. Because of the rapid growth in the field and its concentration at 

fewer and fewer research centers, it is important to offer the opportunities both 

for initial review of recent major progress and for the continuing education of 

the post Ph.D. research community. 

The meeting was attended by 227 participants representing some twelve 

different countries. The program followed the now traditional lines of 

combining summer school and topical conference formats. A week-long school of 

a highly pedagogic nature was followed by an intense three-day topical conference 

in which experts in the field described their current work. The topic for this 

year's meeting was "Deep Hadronic Structure and the New Spectroscopy" -- a 

particularly timely and exciting subject. Many new results were presented and 

there was a great deal of open discussion of the experiments and their surprising 

new results. It was a very good experience for all who attended. 

The success of the Institute was due, as in past years, to the careful and 

thoughtful planning by the Institute Coordinator, Martha C. Zipf, and her assistant, 

Sharon Traweek. In addition, their cheerful and efficient handling of the daily 

arrangements and problems did much to set the relaxed and friendly atmosphere 

which typified the meeting. Ms. Zipf also took responsibility for the collection 

and editing of these Proceedings of the 1975 SLAC Summer Institute on 

Particle Physics. 

We would like to thank Tiana Hunter and her staff for the sound judgement, 

patience, hard work, and professionalism expended in the preparation of illustra- 

tions in these Proceedings. Special thanks go to Rosemarie Stampfel for typing 

manuscripts under impossible deadlines and for her assistance in the preparation 

of the finished copy. 
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David W. G. S. Leith and Richard Blankenbecler 

Frogram Directors 
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LEPTONS AS A PROBE OF HADRONIC STRUCTURE* 

Frederick J. Gilman 
Stanford Linear Accelerator Center 

I. Introduction 

In these lectures we shall discuss some of the theoretical ideas 

involved in electroproduction, neutrino production. and electron-positron 

annihilation into hadrons. In doing so, we unavoidablywillbe studying 

simultaneously both the short distance behavior of products of currents 

and hadron structure. 

Surely, the subjects under discussion here, like the quark parton 

model, scaling, and (auark: light cone algebra, are familiar to maqy 

these lectures will reach. A number of items which are explicilty dis- 

cussed in some detail are therefore of a reference nature. However, I 

hope that some of the topics we not so familiar and that they are 

treated in sufficient detail to permit an easy grasp of forthcoming data. 

Also, as much as possible deep inelastic eN, pN, vN,. and YIi scatter- 
+ - 

ing, aa well as e e annihilation are treated together, with emphasis 

on what kinds of behavior follbw from the sane theoretical assumptions 

for these different processes. 

II. Some Basics 

For inelastic eN, UN, vN, or TN scattering the assumption of 

a current-current form of the interation of leptons and hadrons results 

* 
Supported by the Energy Research and Development Administration. 



in the laboratory double differential cross sectionl' 

(1) 

where L arises from a trace of lepton associated Dirac matrices 
CIv 

and W arises from the h&ironic matrix elements of the weak or 
NV 

electromagnetic current. In the particular case of eN +e + anything 

or VN + w + anything*): 

C ld4x ,-iqx 
spin 

(pI[Jp(x), J,,(O)ltp) 

= wl(",q2) (6vv - %9,/q*) (2) 

+ w*hJ,q*HP~ - P'9 Q/42)(Pv - p.qq,/q2)4 , 

with v = -p-q& and q2 the four-momentum squared carried by the 

virtual photon. 

Defining the quantities 

and 

1 x=-z- 
(I) &+.& 

v P-9 
' = ?i = p'kincident 

(3) 

and neglecting terms of order M/v and M/E, the cross section may be 

rewritten in terms of scaled variables, 

wp [ (l-Y)vw, + ($ Y2) (2M$c)Wl] . 

In scaled variable form, with the same approximations as before, 

1 
[(l-y)vW2 + ($ Y2) 29Wl : y(l - 2 y)xvw3] . (5) 

also that instead of the structure functions W W 1' 2' 

5 one can define positive semi-definite cross sections; e.g., in 

electroproduction 

K w1=2c 
4Ta T 

K w2 = 2 ?9"- (@$ + q), 
4T a q + v2 

(6) 

where K = v - and the transverse end longitudinal cross sections 

uT and oL again depend on q2 and Y. 

If we consider the process e+e- +hadron(p) + anything, then 

formally much is the same: the differential cross section is proportional 

to a contraction of a leptonic and hadronic tenso ?, ii 
0' 

with 

-iqx fOiJ,(x)Ip + any)*(p + anylJv(0)lO) 

(7) 

= pl(v,q2j(6p, - q$/q2)+~*(v,q2)(P II -P'qqu/q2)(Pv-P.qqv/q2)X 

Again, v = -p*q/Mh > 0 if M,, is the hadron mass. We will use Q'=-q*>O 

in the time-like region. The scaling variable is 

,;,=.a _ 2Khadron Ehadron 

q2 
.-=-* 

G E, em 
('3) 

Recall that 1 < LO < - for w in deep inelastic scattering, while here 

For neutrinos (and antineutrinos) we have an additional structure 

function, W3(v,q2), involving one vector and one axial-vector current. 

2 



-- 

(9) 

In terms of this scaled energy variable, the differential cross section 

for e+e- *hadron + anything is 3) 

d2, 3 2- 
-= 
d.Q a3, '4t; "up"; YIP1 + y vij2 sin2e sin2 # 

I 
(10) 

where g = I$hl/gh = (1 - M2/I$,1'2, t$h" = -I+,'", "pp = 41Tdj$ is the 

(point) cross section for e+e- --t u+p-, and 8, b are polar and 

azimuthal angles with respect to the beam and plane of the e+e- storage 

ring, respectively. Equation (10) applies to the case of lOO%polarized 

(perpendicular to the plane of the ring) beams 4) . The unpolarized beams 

cast can be obtained by replacing sin' $8 by l/2. Integrating over angles 

and neglecting M/Eh terms, 

da -= 
aj; 

3op$ 6,Q22) + @V f12k$Q2) 
I 

0.l) 

Note that &J2 is not necessarily positive, as was VW2 in - 

electroproduction (see Eq. (6)). T o see why this is the case, let us go 

back and derive d*o/dSl d5 in terms of positive (semidefinite) cross 

sections for an arbitrary degree of beam polarization (perpendicular to 

the plane of the storage ring). 

Consider a virtual photon decaying to a hadron, h, plus anything. 

Ihere are three amplitudes, gA, for h = 1,o , -1, labelled by the net 

helicity of the final state along she By parity lg+ll = Igqll. If 

p is the angle between & and the polarization vector, 2, of the 

virtual photon, then the angular distribution of h is 

go: t~/~ Id;obj~2 + hOi2 /go/* ld;0(8)12 + /g-1/2 /dl,,(6)j2 

(12) 

= q 2 sin' 6 + /g '0 i2 cos2 p . 

(Recall that the helicity of the virtual photon is zero along the direction 

of 2. ) with l"r"4 Li! polarized electron and positron beams, the virtual photon 

is formed in a linear polarization state, with 2 perpendicular to the 

plane of the ring. kt h and d be the polar and azimuthal angles of 

z- relative to the hem ias L. ___--- z-axis!, and the planr of the ring (as x-z -- -- 

plane). Then cm 6 = sir) f' sin 6, and in these new coordinates, 

dc 
z=i m lg+l/2 + (/goI - /g+l12j sin29 sih2@ . (13) 

Now let us define 

uL(Q 8) a /goi2 

which are manifestly positive, so that for 100% polarized beams 

<do. tz;i' (0 
PO1 

= UT - * - 0,i sin 2 4 sin2 6 . (14) 

For unpolarized beams, (sin2 d) = l/2, and 

(& 
1 = a, - 

unpol 1 
(a, - a ) 2 sin2 6 . u5j 

In gehersl, if the polarization of each beam 5s P (Oc_P<_l),then 



*pol 

I 

(16) 

1 + - cos2 8 + 3 - 
‘T - ‘L =T - 'L 

'T + % 'T + 'L 
sin2 e CO8 29' 

I 

where oT and QL depend in general on Q2 end E h' 

In the case where P = 0, the angular distribution is 1 + o cos2 'J 

with 

-Isa= 'T - 9. 
q-y+<-+1 (17) 

an old result. 

Note that in the sense that the 0 distribution determines 

oT and .c L when P = 0, the cm 26 dependence induced by polarized 

beams tells us nothing new! In practice, because of complete SPEAR 

detector acceptance in $ and not 6, it is much easier to separate oT 

and IJL using polarized beams. If P2 is known (say from e+e- -+u+~-) 

the coefficient of cos 2d has a unique S dependence and its coefficient 

determines (uT - cL)/(uT + 0,). 

l'ne connection to the structure functions 91 and v2 is easily 

made. It is 

'1 m 'T (18) 

v2 = -g- (UT - OL) 
Q -V2 

This should be compared with Eqs. (6) relating Wl and W2 to uT and 

oL in deep inelastic scattering. The sign in front of the positive 

quantity oL, has changed because the longitudinal "cross section," 

contains a hidden faCtOr of q2 (it must vanish at q' = O), and hence 

changes sign on going from space-like to time-like. If we note that 

(19a) 

and 
2% c&g=--, 
K 

(1%) 

then we see that for lO& polarized beams, 

do 
z?i =5 - + p2$) N2 sin2 e sin2 $ (20) 

-MuT+$82(q5( -A(cTT - 
a2g 

UL) sin2 6 sin2 d 

a0 T - (a, - 13~) sin' B sin2 d , 

which agrees exactly with Eq. (14). Therefore, all the extra factors in 

front of 8, and q2 in the angular distribution just serve to eliminate 

the factors connecting them to oT and oL. 

A formula co&et&y analogous to Eq. (16) holds for the sngular 

distribution of any three-vector quantity characteristic of the final 

state. In particular, the ssme formula holds for a jet axis. Of course the 

corresponding oT and oL then have no Eh dependence, as they characterize 

the whole jet. The same remark holds for any particuLar final state. For 

example, m has only aL $ 0, 7'm has only oT # 0, while rAl has both 

aL and CJ~ + 0 in general. Of more current interest, r + O- or ‘r + 0+ 

has only oT and hence the g-a distribution is 1 + cos' e (with un- 

polarized beams). On the other hand, electric dipole transitions to y + l+ 

and r+2 ' states have aL/uT = 2 and 6/7, respectively, so that their 

angular distributions are 1 - ; cos 2 0 and 1 + & COS’ 0. 

4 



III. Cvurrents at Short Distances 

For deep inelastic electron or neutrino scattering as Y, q2 +m 

or for the total cross section in electron-positron annihilation as Q2 --)-, 

the region of configuration space x2 _" 0 dominates5) in 

and 

4 f d x e-iq'x (p/[Ju(x), .J,(O)lIp) 

4 f d x e-iq'x (OIJu(x), JV(0)IO) , 

respectively. It becomes relevrui. to consider the Wilson expansion for 

6) a product of currents at chart distances. : 

Sri(x) yy ~ ...ii, (0) x,, 'I' x + other terms 
1 ‘?n 1 '2n 

(20) 

Here Sn (x i are singular C-number functions and (/ PV Pl"'l& (0) are 

operators. i)nly the leading term contributing to VW2 has been made 

explicit in EC,. (20) and internal synanetry indices have been dropped. 

Taking the spin averaged hadronic matrix element of Eel. (20) as q2 +m 

and putting it back in the expression for W PV in Eq. (2), one finds that 

the result can be expressed in terms of a series of moments: 

=i,l h 2” ~w~k,~~) = cnS:q2j 

2 The behavior of vW~ as q +m then depends on that of the 

This is true for all hadron targets since the "sn(q2) just depend - 

on the behavior of the currents at short distances. The Cn's, on the other 

hand, are different for each hadron and give us information on hadronic 

structure. 
2 As q + :", some favorite behaviors of the moments are: 

2 2dn 
A. Mn(s2) +C,(p /q ) where the d are called anomalous dimensions. 

One can show that dn+l 2 dn. Con1entionally7) dC = 0, since a candidate 

for the corresponding operator, 0 
Mb' 

is the energy momentum tensor which 

has canonical dimension (zero anomalous dimension). 

B. M,(q’) +Cn - 
[I&J 

n 
. This behavior is that deduced in asymptotically 

free gauge theories 8) of the strong interactions in which the coupling 

constant vanishes logarithmically as q2 +m. The An are known once 

the gauge group and fermion representation is chosen. 

B. "Sn(q2)+finite, non-zero constants. This is the behavior of free field 

theory. It implies that vW2(v,q2) + VW,(X), i.e., Bjorken scaling9). 

To gain further results, we abstract the leading light cone (x2 =0) 

singularity from the free quark model 5,1(3.0): 

(21) 

for n = 0, 1, 2, . . . , where SC,') is related to the Fourier transform 

of sn ix 1 snd the C n are constants proportional to the matrix elements 

- (V~(x,o)+V~(O,x))S 
NV 

+ i~llY^,(A~(x,O)-A~(O,x))l 



where V:(x) and A9(xj are vector and 
P 

index 0, and Vz(x,O) and AF(x,O) are 

(22) is for the commutator of two vector 

axial-vector currents with SU(3) 

bilocal operators. Although Eq. 

currents, similar expressions hold 

(3) The SU(3) indices on the aBr f and do& relate different processes 

involving electrons and neutrinos, as well as yield bounds like 11) 

for t-m axial-vector currents or a vector and axial-vector current 5710) . 

The particular case of electron (or muon) scattering is realized with the 

identification 

4- w$4. (25) 

(4) Matrix elements of the various bilocal operators determine the shape, 

em = e[Vf) +(l/JjjV;jl . 
as a function of (u, of Wl, vW2 and VW . Again, this is where ali 3 

J (23) 
u the hadronic structure information resides. 

If the bilocal operators are expanded in a Taylor series in x , we 
P 

recognize the coefficients as essentially the operators 0 (0) in 
lwl * * "zn 

the Wilson expansion, Eq. (20). The last term in Eq. (22) contributes to 

deep inelastic scattering of polarized electrons on a polarized target. 

An examination of the quark light cone algebra as is partly dis- 

played in Eq. (22), shows that it displays the following features: 

(1) The singularity is a c-nwnber characteristic of free field theory. 

Hence it yields scaling: Wl, VW, and vW3 should scale in deep in- L 
elastic electron and neutrino scattering. Vector and axial-vector 

currents contribute equally to Wl and vW2. When applied to 

e+e- +hsdrons, it predicts 

ctotal(e+e- +hadrons) 

o(e+e- + p+:II-) 
= R(Q2) = a constant. 

(2) The (Lorents) tensor indices, due to the spin l/2 of the quarks, yield 

(2Mx)W1 = @wl = VW2 , (24) 

z.e., cL,/cT 40, in deep inelastic electron and neutrino SCattering. 

Iv. The Quark Par-ton Representation 

The quark light cone algebra in the last section has what is, at the very 

least, a very convenient representation in terms of quark partons l2,u . In 

its usual derivation, one starts without mention of the light cone and short 

distance analysis, and instead pictures the hadron target as being composed 

of point, spin l/2, quarks (and antiquarks). When the hadron is boosted 

to an infinite mmentun, the scattering at large v and q2 is viewed as 

taking place incoherently (in impusle approximation) and elastically off each 

quark. The variable x = l/(0 now also has the interpretation of the frac- 

tional longitudinal momentum carried by the struck parton. 

The basic connection between the parton picture and the structure func- 

tions is given by 

2Mx W,(x) = VW,(X) = c Q++., (26) 
i 

where e(x) is the distribution of partons of type i in the hadron target 

h, and Qi is its (electromagnetic or weak) charge. It is straightforward 

to then write out the structure functions for various processes on nucleons, 

in terms of u, ;, d, 2, s, and s quark contributions: 



F=p 2 
= vw=p 

2 
=,[4f +lf +1 

9U 9d 9s 

en 
F2 

= $ 

FVP = 
2 = 2x[fd + f-1 = F; 

F% = 
2 = 2x[fu + f;J = F; 

&41p = VII -xvwy = 2X[fd - f-1 = -xF3 
U 

(27) 

In all these relations we have used the quark distribution functions, c(x), 

for a proton. Where necessary those of the neutron were related using 

f" = $, ff = f", etc., which follow from isospin conservation. The extra 
d 

factor of z in the neutrino structure functions arises because although 

quarks have unit "weak vector charge," there is a contribution from both 

vector and axial-vector currents. The anti-quarks contribue to FS with 

opposite sign because, being anti-fernions, they give an opposite sign to 

the V-A interference term xkich is involved in W 3’ We have used the 

approximation of setting the Cabibbo angle to zero. 

As long as the (positive semidefinite) functions fi(x) are not 

specified further, the expressions in Eq. (27) for the structure functions 

are perfectly general and predict no more or less than taking matrix ele- 

ments of the quark light cone algebra between nucleon states. In particular, 

any relations between the structure functions derived from Eq. (27) can also 

be derived from quark light cone algebra manipulations. For example we have 

the local relation14) 

6(Fy - F;"' = 2x(fu - fd + f - f ) = x(Fy - FTn) 
IT B 

as well as the integral relations 

(28) 

,,l$ @;p - F;') =[ dx 2(fu - fd + fa - f;' = 4 (p/Is/p) = 2, (29) 

(the Adler15) sum rule) and16) 

1 
dx(Fy+Fr")=[ dx2(fu+fd-f -f) 

-0 ii a 

"(f, + fd + fs - f - f- - f ) (30) 
ii d : 

= 6 (pjB/p) = 6 . 

In the last equation we used the constraint that 

( s- b(f fs) = (P/S/P) = 0 . 

There are also easily derived and important inequalities like 11) 

en 
1 F2 <-<4, 4 - Fep - 

2 
(31) 

and 

F;" + F;' : 2x(fd + fu + f + f-) 
;1 I: 

<L51x(5, +z, 
-5 9d 4 u (32) 

5 9 (FGP -I- F;"! . 

For polarized scattering, there are other relations as well, such as the 

Bjorken sum rxle 17! on the difference of proton and neutron spin dependent 

structure functions. 18) 



This is as far as we can go without making assumptions which are out- 

side the light-cone framework. A commonly made additional approximation in 

some x regions, is to neglect the contribution of antiquarks, 

i.e., set f (x) = fa(x) = f-(x) = 0. 
ii 

It then follows that fs(x) = 0. In 
6 

this case everything simplifies further. In addition to all the previous 

relations, we have: 

2Mx W,(X) = VW,(X) = -x VW,(X) (33) 

for each process. For neutrinos 

d2svN -= 
tidy 

(+) FzN(x) 

d20:N 
Tizf= (9, &(1-y)* , 

and as a result: 

Also 

Fgp + Fy = F VP 
2 +FF = F (F;' + Fy\ , 

and 

~(FE~ - '$7) = F$ - FiP 

(34a) 

(34b) 

(35) 

(36b) 

so that measurement of ep and en deep inelastic scattering determines 

everything. Furthermore, the Adler sum Nle, Eq. (29), cau then be rewritten 

as 

Equation (37) actually holds using a somewhat waker parton model assumption 

that the nucleon contains valence (u and d) quarks plus an isoscalar sea 

of q; pairs (f = fa). 
ii 

For electron-positron annihilation we have the very simple result in 

the parton model that 

*~ stota1 (e+e- +hadrons) 

c(e+e- + p+p-) 
=cQ;, (38) 

i 

where the sum goes over each quark (not antiquark) type. If each quark also 

comes in three colors, then the sum is implicitly over color also. With 

colored u, d, and s quarks, Eq. (38) predicts 

4 11 R =3$ + 7 + g' = 2. 

We sre now in a position to state a seroth order (to - 20%) picture 

of experiments on deep inelastic scattering in terns of the quark pax-ton 

model: For values of the Bjorken scaling variable in the range O.lL$L 1, 

only quark (not antiquark) par-tons are found in the nucleon and scaling 

holds for * >lGeV2 and hadronic invariant masses W>2GeV. q Some 

representative samples of the evidence is shown in Figures 1, 2, 3 and 4. 

In Figure 1 we have the results of inelastic scattering of electrons off 

hydrogen and deuterima 19) , showing scaling at SLAC energies. Figure 2, taken 

from results of the CalTech-FNAL narrow band neutrino experiment 20) ) confims 

the scaling prediction that vE and ;N total cross sections should rise 

linearly with the beam energy. The integrated form of Eq. (36), 

: 

[F;'(x) + Fr(x)l dx 

[Fgp(x) + F?(x)] dx =' 



.r. 

A L”J’$ 
0.8 0 VW; 

W>2 GeV 

Q2 > I GeV2 

L R=O.l8 DEUTERIUM 

0’ I I I I lllll I 

I 23 5 IO 20 30 

w’= I +W2/Q2 ,,,,c, 

Fig. 1 Th e s NC we function VW2 t t for 9 = 6' and 10' inelastic 

electron scattering on hydrogen and deuterium 19) . 

1 I I11!1l, I I111111, 

100.0 1 
Total Cross-sections 

60.0 - 

‘I 

u, I 

0,. = Cern-Gargomelle 
0, l = Coltech-Ly,“;oi+, 1 

Neutrino Energy (GeV) 

Fig. 2 The neu'crino and autineutrino total cross SeCtiOnS on 

nucleons2') as a function of incident energy. 



. 

CM-TECH-NAL : 

Mean Square Charge of interacting Conslituents (S=O) 

0.6 

0.4 
<q2> 

0.2 

c 

<q2>r [3/F:N4 = 0.303f0.04 
lr ov+uv uv+u F 

zm-g- Ev 

A = CG (ref. 4) 
l = This experiment 

“Integral 
_______ ------v-m------- t Unit 

Charges” 

-___---------- _ “Quark 
Charges” 

I I 
50 100 

E, (GeV) *1.2**1 

Fig. 3 21) Comparison of the ratio of integrated electron-nucleon to 

neutrino-nucleon structure functions to the value 5118 

expected from "quark charges." 

0.6 c (Cd 
T ai; 
X 

Q, =0.33+0.08 

In 
b 

1 
t x 

0.2 - 

1 

I I I I I I I 
0 20 40 60 80 100 120 

(b) 

E, (GeV) 

Fig. 4 (a) Rat io of antineutrim to neutrino total cross sections3 

21) and (b) rise with energy of their sum . 
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is compared with experiment 21) in Figure 3, and the prediction CT /UT 3 VN.-l/3 

following from the absence of antiquark psrtons can be compared with the 

data21j in Figure 4. 

Within the stated errors, everything works rather well. The data for 

neutral current neutrino induced events will eventually be useful in testing 

this picture. At the moment, one usually works the other way and assumes the 

zeroth order picture in order to extract additional physics information from 

the present data. 

In e+e- annihilation, the equivalent zeroth order picture only holds 

for J? 22) 5 3.5 GeVj data from SPEAR for 2.4 < iP Q <j.hCeV arecon- 

sistent with a constant value of R lying between 2 and 3. Within errors, 

and given the possible approach of R(Q2) to its scaling limit from above, 

as in asymptotically free gauge theories 23,2'-+) , such values are consistent 

with the value of 2 in Eq. (39) arising from colored u, d, and s quarks. 

v. Scaling and Scaling Breakdown 

Having summarized the state of experiments in deep inelastic scatter- 

ing in a very simple way to an accuracy of w 2C6, we shall now look at the 

evidence for corrections to this picture. As we will soon see, a variety 

of physical origins can be ascribed to these effects, and at the 1'3% level 

one encounters a confusing but exciting situation which is not yet sorted out. 

Although it didn't seem that way a year ago, perhaps the clearest 

case is e+e- -+hadrons. After the spectacular narrow resonances '4 (5.l.j 

and 9' (3.7) R(Q2) rises rapidly near 22) & 4 GeV, and beyond 

w 5 GeV appears 25) again to have settled on a constant value between 5 and 6. 

Presumably this signals passing the threshold for new physics and zi 4; 

has increased appropriate to the number of new quarks which have become 

operative. This new physics very likely will also affect to some degree 

deep inelastic scattering, to which we now turn. 

Evidence for a scaling breakdown in deep inelastic scattering comes 

from three different experiments: 

1. Cornell-Michigan State-UC Berkeley-UC San Diego; Experiment 26 at FNAL 26,27) . 

Using 56 and 150 GeV muon beams at FNAL, this experiment tests scaling 

both by a relative comparison of the data at the two energies and by a 

comparison of the absolute rate with a Monte Carlo calculation based 

on a fit to SLAC data. As indicated in Figure 5, the latter comparison 

shows a fall of the data with increasing q2 at small (u (,< 5), but a 

rise at large ui (6 ,< a,< 40). 

2. Harvard-Pennsylvania-Wisconsin-FNAL; Experiment IA at FNAL 28,29) . Using 

the broad band neutrino and antineutrino beam at FNAL, tests of scaling 

of atotal( (s2), x and y distributions, etc. are possible. While 

the claimed discrepancy has been presented in several different ways, 

Figure 6 is typical. For antineutrinos above 30 GeV, the y distribution 

disagrees with what is expected assuming scaling and quark partons. This 

is usually presented 28) as showing that there are too many events at 

large y (y = 1) when x < 0.1. Alternatively, there are too many 

events29) in iN scattering at large hadronic masses, W. However, it 

has been stressed by the Caltech group 30) that the discrepancy is really 

at low y. They claim that at large y the ratio of ;N to VN events 

is about what one expects with a reasonable amount of antiquark protons 

for x i 0.1. It is at low y, where the distribution for JN and EN 

should be equal by charge independence, that the Harvard-Pennsylvania- 

Wisconsin experiment has a depletion of events in ;N compared to vN. 
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MO) Thus the "anomaly" is a low y effect. Further, the Caltech data 

does not show such an effect, although the statistical errors are large 

enough so that an outright experimental disagreement can not be claimed 

at thepesent time. 

3. SLAC Group A; Experiment E&$1). Using large angle (50' and 60') electron 

scattering at SLAC, measurements have been made out to q* - 30 Gev2 on 

the structure function Wl, For fixed values of (0 of a' (,< 2.5), 

Wl tends to drop with increasing q2. 

To what can these observations of apparent scaling violations be due? 

Let us examine in turn the various possibilities. 

(i) Radiative corrections, cL/cT variation, A dependence on heavy nuclei. 

None oP these should affect the claims based on neutrino experiments, 

at their present level of accuracy. Baring a major error, the rsdi- 

ative corrections should present no problem to anyone. Variation of 

cL/cT within reasonable limits makes insignificant changes in the 

values of W 1 from SIX 31) . It is possible that cL/cT or A depen- 

dence at large (u could vary in such a manner with q* so 8s to have 

a significant effect on the comparison of the results of the muon ex- 

periment at FNAL with the SLAC results at lower 0) and q* on 

deuterium. 

(ii) Approach to Scaling. We have very little theoretical control over non- 

leading singularities on the light cone. An example is the use of 

the variables (0 and (ul = LU + +$X2. Scaling is significantly better 

in d, but as q2 + m, (01 +w, so any differences involve the approach 

& scaling, i.e., non-leading terms in the light cone formalism. 

Particularly at small (0, the choice of variable can be is%portant at 

present energies"). At large m, where the structure functions wry 

slowly, it makes less of a difference. Unfortunately, it is at large u) 

&ere the q* range is most limited and a definitive test of scaling 

over a large range of substantial q* values is mt yet poatiible. For 

example,if one only tested for scaling beyond q* = 2CeV2, itwouldmake 

a considerable change in the msgnitude of scaling violation deduced 

Prom Fig 5 at large w. 

(iii) New Particle Production. As MS noted earlier, the rise in R(Q2) for 

e+e- annihilation inspires one to consider new quarks and hence new 

particles. In particular, either heavy lepton or "charmed" particle 

production is a possible explanation of "Luy)malies" in neutrino or 

antineutrfno scattering. If charm threshold is being passed at FEAL, 

one would in fact expect it to be a threshold in the ha&on mass, W, 

exhibiting itself first as an excess at large y (and small x) 

fora given incident energy E, and slowly propagatingtosmall y as 

E increases. In the case of charm or other new quantum numbers this 

could be accompanied by apparent charge synknetry violations 33). It 

could also involve V + A hadronic weak current 24) which would change 

the y distributions from these in Eq. (34). Whether this is what is 

going on in the Harvard-Pennsylvania-Wisconsin-FE& experiment remains 

to be shown35) 36) . The observation of two muon events in the same 

experiment makes it clear that something new is happening at high 

energies with neutrinos--the only question is at what level it can be 

seen in ctotal, y distributions, etc. 

To an even greater extent this applies to the rise with q2 at 

large e) in the inelastic muon scattering experiment 27) . A threshold 

in W could exist for producing pairs of new particles, which first 

12 
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Fig. 5 Ratio27' of observed to simulated event rate vs. q' 

for eight ranges of (u. See text. 

shows up at large w for Pixed q2. As q2 -+m, it will then propagate 

to smaller w. It should be possible to explorethispossibility in 

some detail in the next Pew years, both by doing inclusive deep in- 

elastic experiments at larger q* and by lwking inthe final state 

for the new particles. 

(ivj Parton Size. The idea here is that scaling till break down if distances 

are probed which are less than l/A, which characterizes a parton 

size37). In this manner, one parametrizes the data with a factor 

l,!(q2 + A*!2 and yW2 falls uniformly 86 q2 +m for all 0. The 

data does not show such a behavior 27) , and ece- annihilation, which 

originally was a motivation for this idea, shows scaling and no indi- 

cation of such a propagator form. 

(v) Scaling Breakdown in Field Theory. Ideally, one would like to have a 

complete set of moments, 

Mn(q2) =,,L dx x2= ~W2"W2~ , 

and examine their behavior as q* + m. Unfortunately, data only 

exists over a finite kinematic range, and at any given value of q2 

the data only extend up to a value of v (and hence of w = 2I+/q*) 

bounded by the machine energy. Thus there is always a.region of small' 

x = l/w near zero which is unmeasured for a given q*, and consequently 

Mnh2, is never fully determined experimentally. 

Nevertheless, the qualitative behavior of vW,(x,q*) expected 

Prom field theoretic scale breaking is clear. If d0 = 0 (i.e., 

if the leading term contributing to the zeroth moment comes Prom the 

energy momentum tensor with canonical dimension), then 

: . . 
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L1 
dx VW*(X,d) -> constant . 

q' -im 
(40) 

I I I 

(a) U, E, < 3OGeV 

i 

(c) U, E, L 30GaV 
80 

60 

‘0 0.2 0.4 0.6 0.8 1.0 
” 

(b) v, EC c 3OG&’ 

Fig. 6 Experimental and calculated (solid lines) y distributions 

in neutrino and antineutrino 28) scattering . The calculations 

assume scale invariance and only quark partons. 

Furthermore, dn+l 2 dn, so higher moments, which are more sensitive 

to the structure function near x = 1, fall faster with increasing 
2 

P . Therefore, vW,(x,q*) must drop for x near 1 8s q* +m. 

Since Eq. (40) says that the area under vW2 is preserved in the same 

limit, it must rise near x = 0 to compensate. This behavior is 

indicated schematically in Fig. 7. Of course, in what q' range 

this behavior sets in is unspecified a priori. In fact, since the 

constant on the right hand side of Eq. (b) should be the same for 

the neutron and proton, it is clear from the data that at present 

energies there are important contributions to at least the zeroth 

moment from other than the leading tens arising from the energy --- 

momentum tensor. 

In any case, it turns out to be possible to invert the moments 381, 
d 

so that if one knows the anomalous dimensions, dn (Mn = (p2/q2) ") or 

the An (M, = [l/.Ln(q2/~2))An) inan asymptotically free theory, then 

~W,(x,q*) may be calculated for all q* > g from ~W,(x,g), tibere 6 

is a value of q" for which the behavior of the structure function 

moments are controlled by the leading terms. Thus ~W,(x,g) from 

experiment, plus the An 's from theory, and an assumption of relevance 

of the leading terms at q*=c, allows a CalCulatioXI of yW2(x,q2) 

for q* > 4. 

There have been a number of calculations along this line 39) . 

Recently Tungb) has used the electron data at 4 = 4 GeVS and made 

extensive calculations of what one expects in either field theories 

with anomalous dimensions or asymptotically free theories. The results 

agree qualitatively with Fig. 7. The structure function decreases for 

:-. 
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Fig. 7 Expected form of the change in F2(x,q2) in theories with 

anomalous dimensions, or in asymptotically free gauge 

theories, for increasing q2:$ > qi. 

x 2 .25 and increases for x 5 .15 as q2 grows. It is difficult to 

tell the case of anomalous dimensions from that of asymptotically free 

theories with the q' range likely to be available in the near future. 

2?,31,41) At least qualitatively this is also the behavior of thedata 

However, at large w (x - 0) both the neutrino and muon experiments at 

FWAL may be encountering a threshold for new physics. Therefore, at 

the present moment the only significant evidence of a violation of 

scaling which must be ascribed either to non-leading terms (approach to 

scaling) or to true field theoretic scale breaking, is the SLAC experi- 

ment measuring Wl at large d. A really quantitative examination of 

this data in a field theory framework has yet to be made. 

In spite of the altered character of the light cone singularity 

leading to scaling breakdown in field theory, the other features of the 

42) light cone algebra discussed in Section III remain unaltered. For 

example, the sU(3) relations among structure functions remain, as does 

the connection between electron and neutrino structure functions. Sum 

rules, such as the Adler sum rule or the Bjorken sum rule for polarized 

lepton-mcleon scattering are still correct, although the approach in 

the latter case43) should in asymptotically free theories only be loga- 

rithmic, rather than by a power of q2, Similarly, as noted before, the 
2. approach of R(Q ) in e*e- annihilation to a constant should be loga- 

rithmic and from above, and uL/uT in deep inelastic scattering should 

behave as l/Jn(q2/g2) in asymptotically free theories. The latter 

behavior is to be contrasted with scaling (in m) of v~L/oT%q2rrL/~T 

expected from the quark light cone algebra 44) with a leading singu- 

larity characteristic of free field theory. It is important to use 

both the information 45) on the q2 dependence of oL/u,I and that of 

the individual structure functions when checking quantitative~ to 

see if field theoretic scale breaking is what is being observed. 
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VI. Partons and Final State Hadrons 

In order to treat the distribution of final state hadrons in either 

deep inelastic scattering or in e+e- annihilation, additional assumptions 

beyond those already employed, must be made. Within a parton model 46) , a 

commonly used set is: 

(i) The virtual photon (or weak current) interacts in impulse approximation 

with point, spin l/2 constituents, the quark partons. 

(ii) Partons fragment into hadrons independently of how they were produced. 

(iii) The distribution of hadrons fragmented from a given psrton moving with 

a large momentum is only a function of (hadrod j,(p~od and z = PJI 

of the transverse momentum of the hadron relative to the parton's 

m3mentu.m. The transverse momentum distribution of the hadrons is 

assumed to be limited, and as a result one shouLd see jets along the 

parton direction. We shall use the set of functions D:(s) to be 

the probability of finding a hadron, h, with fractional momentum z, 

arising from a parton of type i (integrating over pL). 

The first of these assumptions is just the one used previously to 

obtain scaling of the structure functions in deep inelastic scattering or 

of R(Q2) in e+e- annihilation. It describes the 'hard" process of a 

cur-ent interacting with an existing quark or pair producing them out of A 

the vacuum. The second and third assumptions are new. They describe the 

"soft." process of hadrons being produced by pe.rtons. Of course this process 

can not be too soft or the quark itself would appear in the final state. 

An intuitive description of how the quarks are kept from escaping in a 

universal way, but delicately enough so that assumption (ii) still holds, 

was discussed two years ago in the SIN Summer Institute by Bjorkeu 49) . 

A really quantitative model in four-dimensional space-time has yet to be 

presented. 

In electron-positron annihilation as 

p(P=ton) --* $i2 and p(had-) '4 so 

2 4 + w, one has that 

that 

> (42) 

the scaling variable defined previously. Therefore, integrating over angles 

end over pl relative to the parton direction, we find that as 2 
Q -+-, 

and q-+m (but ; finite and non-zero), we have for e+e- +h + anything: 

(43) 

where the sum extends Over quarks (u, d, s, . ..). and the two terms in 

brackets arise because both a quark end an antiquark are produced out of 

the vacuum in each event and each fragment into hadrons. Equation (43) 

predicts scaling of the inclusive hadron spectrum in e+e- annihilation, 

i.e., ij,(w,Q2) = @l(z), and v~~(Y,Q’) = rt2(G). Further, with spin l/2 

par-tons, 

2K - Gl = d2 
v 

or 

LO 
"T ' 

(44a) 

cub) 

2 as Q -foe. 

At small values of z, one expects e(C) = l/Z, leading to a 

logarithmic rise in multiplicity. This follows, since the integral of Eq. 

(43) over - w gives 
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(45) 

The corresponding formula for deep inelastic production of hadrons 

in the current fragmentation region reads 46) 

1 dcT CiQ;fi(l/u) D;(z) 
- -= 
oT dz ziQ;fi(l/uj ' (46) 

Here z -,Ey/v as ", q* --tm. In the same limit z is the ratio of 

C.M. C.M. 
pII /pm= where pII is defined along the incident current direction 

(i.e., z is asymptotically also equal to Feynman x). Note that Eq. (46) 

gives a "hybrid" scaling law, which involves scaling both with respect to 

the Bjorken variable w and with respect to Z. Furthermore, because of 

assumption (ii), the same functions DF(zj occur here and in e+e- 

annihilation. In fact, if only one quark contributes to the deep inelastic 

scattering, its contribution cancels out on the right hand side of Eq. (46). 

Such is the case for deep inelastic vp scattering if there are only quarks 

in the nucelon: for then only fd(l/uj enters the cross section and 

therefore 

Lib? ("p -+h + . ..) = D;(z) , uvp dz (47) 

can be used to isolate individual DE(z)'s. 

Again, note the analogy and the similar assumptions needed to get 

scaling of R = XQf and Bjorken x&in@;, F2(l/u) = CiQTfi(l/u:i; and the 

additional assumptions needed to obtain Eq. (45) for e+e- annihilation 

and its analog for deep inelastic scattering, Eq. (h6). This is true in 

the light cone framework as well. While the first two scaling laws only 

need an assumption about the operator product of two currents, the latter 

two demand knowing 49) a four-fold product of operators which include two 

hadronic sources. No matter how one does it, these latter rather power- 

ful results demand additional strong assumptions. 

The data on inclusive hadron distributions in e+e- annihilations 

which is presently available is shown 49) in Fig 8 

. . 

The distributions of 
2 Q drr/dG = (drr/&)/~~~ vs. io at @= 3.0, 3.8, and 4.8 GeV do show 

possible scaling when E'_> 0.5. Of course, since R (i.e., Zi Qf) is 

changing over this range of center of mass energies one does not expect - 

scaling of the inclusive distribution either. Presumably, only the data 

at $= 3.0 GeV is the result of u, d and s quarks fragmenting into 

h&irons, while the data at 3.8 and 4.6 GeV contains contributions from 

whatever is responsible for the rise in R near 4 GeV. 

Therefore any test of scaling of inclusive distributions must compare 

data only below 3 c 3.5 GeV or only above 3 z 4.5 GeV, where R 

seems to have settled on a constant value again. This will only be possible 

with data soon to be forthcoming from SPEAR. However, if we assume that 

scaling of the inclusives does hold above & 4.8 GeV, then the scaling 

observed for z 3 0.5 in Fig. 8 had added significance. For then the u, d, 

s quarks may well be the principal contributors for ; 2 0.5 at a Q* 

and the new contribution to R only affects the c < 0.5 region. 

In electroproduction there is considerable data both from bubble 

chamber or streamer chamber expertients at DESY and SLAC and from counter 

experiments at DESY, CEA, Cornell and SLAC 50) . These indicate the possi- 

bility that the inclusive pion distributions may possibly scale in both (u 
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0 0.2 0.4 0.6 0.8 1.0 

Fig. 8 Inclusive charged particle distributions 49) at 

J& \/;= 3.0, 3.8, and 4.8 GeV. The variable 

x = 2p/$ -?G = sadron/Ebeem for relativistic particles, 

and correrr~-^-"nnly s ?m/dx 4 Q2 dmhii. 

and z, but the limited kinematic range presently available prevents the 

32) from making any strong conclusion . The most striking result pointing 

toward partons is the ratio of positive to negative hadrons produced in the 

photon fragmentation region. Some of the data51' is shown in Fig. 9. The 

large value of the ratio has a natural explanation in the quark parton model 

where it is the u quark in the proton which is predominantly struck by the 

virtual photon, and it should fragment into n+, K' and P much more often 

than into pi-, K- and ;. 

This is also supported by the data from Gargamelle on neutrino-nucleon 

collisions52) where the ratio of h+ to h- agrees with what is predicted 

from the DE(z)'s extracted from electroproduction. It will be very interest- 

ing to see the forthcoming results from the neutrino-exposure of the 15' 

bubble chamber at FNAL in this regard. 

In all processes, the data shows a slow rise of the multiplicity with 

available energy--a rise which is consistent with being logarithmic and which 

is consistent with having the same coefficient of In Q2 as that of In s 

in hadron-hadron collisions. Also, as indicated in Bjorken's lectures 53) , 

the shape and msgnitude (to tithin factors of two) of the hadron spectra in 

e+e- annihilation and in the current fragmentation region of electroproduc- 

tion are consistent with one another. Much more detailed comparisons includ- 

ing separation of hadron species, should be made with the data that will soon 

be available. 

Some further restrictions follow from the use of symmetry principles 

to relate the D(z)'s. Most importantly, isospin and charge conjugation 

invariance yield 

D:(z) = D;-(z) = D:-(z) = D;+(z) , 
u 

and 
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.., 

for i = u, d, s, . . . . A consequence of Eq. (49) is that in e+e- 

annihilation54) X This Experiment 0 Aider et al. 
n Gandsmon et al. 0 Bebek et al. 
l Dommann et al. A Bollom et al. 

0 
duT+ dsv duT 
-=dL dz ' =r. (50) 

In electroproduction, there are sum rules 46) for current fragments like: -J------7 ---1 

i 

--- 

. (0) Y*P- h’ nnythlnq 

4 [ hT+jen - (Qe,l $%, dx 

2 l =- 
7 -b 

I(* +) a ep - (*T-)ep3 w?(x) dx . (51) 

I 9t 9 
t, 

t 

t 

+*+ * 

+ 

An evenmorespeculative possibility is that of relating the prob- 

ability of finding a quark with longitudinal momentum fraction x in a 

hadron, $ (x = l/co), to the probability of finding a hadron with 

longitudinal momentum fraction s in a quark, D:(s). While such a relation- 

ship sounds like "crossing" in field theory, it is not -* Nevertheless, some 

model calculations do yield such a "reciprocity relation ,155): 

------- - - ._ __ - - - - - 

(b) y*n- h’ anything g 
N 

t 

----- 

h h 1 J+(z) = fi(x = ; = s) . (52) 

i: ---- 

+ 

I I I ” 

Given Eq. (52), we immediately find that, 

co% 
LT 

(e+e--+h+ . ..) =cQ2 - 
PP G i 

i (u D;(E) 

= F Qz(;, <(;, 
l/CL4 

(53) 

0 I 2 

q2 (GeV’) 

relating 
+- 

e e +h + *** to deep inelastic eh scattering. This is 

equivalent to the Gribov-Lipatov relations 56) 
Fig. 9 The ratio51) of positive to negative hadrons in the range, 

0.4 < x < 0.85 electroproduced on proton and neutron 

targets as a function of q'. 
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i P,(G) = Fl(” = 1) 
i; 

(54) 

z3F2(;) = FS(W = 1) 
lz 

If one tries to test the reciprocity relation, or rather its consequence, 

Eq. (53), 
+- - 

using the data available on e e +p + ..* and ep-te+..., 

then one finds a least rough agreement 32) . However, if one then uses 
+ - ee -+7T+.-. data to get Fzr ((u = lfi), much too large a structure 

function results. Some caution is required here since for @ ,> 3.5 GeV, 

one is presumably including those pions which are weak decay products of 

hadrons formed from the new quark or quarks which cause the rise in R. 

Even for @ = 3.0 GeV, pions from the decay of K;'s, A's, etc. are 

contaminating the sample. This also affects the comparison of the D(z)ls 

extracted from e+e- annihilation with those from eN and vN deep 

inelastic processes. Whether the situation for e+e- +p + .a* and 

ep -se + --- is a fortuitous accident thus remains open. Further progress 

in comparison with experiment demands the separation of particle types in 

all reactions and pushing nearer G = 1 (and s = 1 in eN and vN) 

where contaimination by weak or other decays should be minimized. 

VII. Conclusion 

Leptons have emerged, both because of deep inelastic scattering and 

electron-positron annihilation, as the probe of hadronic structure. In - 

electron-positron colliding beams, measurement of R(Q2) gives the sum of 

the squares of the charges of the fundamental fermions and this tells which 

quarks are present to m&e up all hadrons. Deep inelastic scattering on a 

particular hadron then tells us the distribution of these quarks within 

that hadrqn. The experiments so far done on nucleons with incident electrons, 

muons, neutrinos, and antineutrinos have yielded a very simple zeroth order 

picture of nucleon structure, as indicated in Section Iv. 

The exact nature and cause of scaling breakdown, as discussed in 

Section V, is difficult to ascertain. More detailed explorations of this 

question will go on for years. However, more important for our understand- 

ing of hadron structures is the fact of at least approximate scaling, which 

allows us to use deep inelastic processes as a stepping stone and tool for 

creating and exploring new kinds of quezks and corresponding hadrons. As 

such, electron-positron annihilation and deep inelastic neutrino scattering 

will very likely continue to be the prime way of gaining new information 

on hadronic structure for years to come. 

20 



References 

1. The kinematics of inelastic scattering are reviewed in F. J. Gilman, 

Phys. Reports g, 98 (1972). See references to other work therein. 

We use E and E' for the initial and final lepton energies, and 

neglect lepton masses. See also the lectures of E.D. Bloom, this Institute. 

2. The metric is q q = q' -52 = q - $. a = e2/4T z l/137. 
bP 

8. D. J. Gross and F. Wilczek, Phys. Rev. Letters & 1343 (15'73); 

G. It Hooft (unpublished); H. D. Politzer, Phys. Rev. Letters & 

1346 (1973). 

9. J. D. Bjorken, Phys. Rev. -119, 1547 (1969). 

10. H. Fritssch and M. Gell-Mann, in Scale Invariance and the Light Cone 

(Gordon and Breach, New York, lml), Vol. 2, p. 1. 

3. S. D. Drell, D. J. Levy and T. M. Yan, Wys. Rev. Dl, 1617 (1970). 

11. 0. Nachtmsnn, Nucl. PhYs. m 397 (1'9'72). 

4. For a discussion of polarization in electron-positron colliding beams 

see V. N. Baier, KLVI Corso Scuola Int. di Fizica "Eric0 Fermi" 

(Academic Press, New York, 1971), p. 1. Also Y. S. Tsai, SLAC pre- 

print SLAC-PUB-1623, 1975 (unpublished). 

5. For a review of the subject of light cone and short distance singularities, 

see Y. Fris'hman, in Proceedings of the XVI International Conference on 

High Energy Physics, J. D. Jackson and A. Roberts, editors (National 

Accelerator Laboratory, Batavia, Illinois, 1972), p. 119. See references 

to previous work therein. 

6. K. Wilson, Phys. Rev. a, 1499 (1969). 

7. This is true only if the internal symmetry indices allow the energy 

momentum tensor to contribute. Even if it does contribute, d0 = 0 is 

just the smallest anomalous dimension--generally there is a sum of 

operators with differing values of d0 on the right hand side of the 

short distance expansion, Eq. (20). 

12. R. P. Feynman, Phys. Rev. Letters a 1415 (1969); and R. P. F=ynmsn, 

Photon-Hadron Interactions (W. A. Benjemin, Reading, Mass., 1972). 

13. J. D. Bjorken and E. A. Paschos, Phys. Rev. 185, 1975 (1969). 

14. C. H.Llewellyn Smith, Nucl. Phys. s17, 277 (1970) and Phys. Rev. & 

2392 (1971). 

15. S. L. Adler, Phys. Rev. I&, 1144 (1966). 

16. D.J. Gross and C. H. Llewellyn Smith, Nucl. Phys. &, 337 (1969). 

17. J. D. Bjorken, Phys. Rev. 148, 1467 (1966). 

18. For adiscussion of spin-dependent deep inelastic scattering, see 

F. J. Gilman in Proceedings of the Summer Institute on Particle Physics, 

July 9-28, 1973, SLAC Report No. 167, Vol. I, p. 71 (1973). 

21 



19. J. S. Poucher e al., Phys. Rev. Letters 2, 118 (1974). 

20. B. C. Barish 5 al., Caltech preprint CALT-460, 1975 (unpublished). 

21. B. C. Barish g E&., papers No. 586 and 588 submitted to the London 

Conference; see F. Sciulli in Proceedings of the XVII International 

Conference on High Enera Physics, J. R. Smith, ed. (Rutherford 

Laboratory, Chilton, Didcot, 1974), p. IV-105. 

22. J. E. Augustin & a&, Phys. Rev. Letters 2, 764 (1975). 

23. T.Appelquist and H. Georgi, Phys. Rev. I& 4000 (1973). 

24. A. Zee, Phys. Rev. D8, 4038 (193). 

25. C. Morehouse, invited talk at this Institute, 1975; and V. Luth fi al., 

contribution from the SLAC-LBL collaboration submitted to the Palermo 

Conference, June, 1975. 

50. See F. Sciulli, invited talk at the Balaton Conference and Caltech 

preprint CALT 68-506, 1975 (unpublished). 

31. W. Atwood, Stanford University thesis, 1975 (unpublished); R. E. Taylor, 

rapporteur talk at the Palerno Conference, June, 1975 and SLAC-~~~-1613, 

1975 (unpublished). 

32. See the discussion in F. Gilman, Proceedings of the XVII International 

Conference on High Energy Physics, J.R. Smith, ed. (Rutherford Lab- 

oratory, Chilton, Didcot, 1974), p. IV-l@. 

33. This possibility is discussed in some detail by A. De Rujula gal., 

Rev. Mod. Phys. 5, 391 (1974). 

34. See, for example, the recent proposal of A. De Rujula &al., 

Harvard University preprint, 1975 (unpublished). 

35. See the exploratory fits by V. Barger, T. Weiler and R. J. N. Phillips, 

University of Wisconsin preprints, 19i'5 (unpublished). 

26. D.J. Fox & a&, Phys. Rev. Letters a 1504 (1974). 

36. A. Benvenuti 5 al., Phys. Rev. Letters & 419 (1975). 

27. Y. Watanabe g al., Cornell preprint CLNS-302, 1975 (unpublished). 

C. Chang &al., Michigan State preprint MSU-CSL-23,1$J75 (unpublished: 

2:. B.Aubert 2 al., Phys. Rev. Letters 33, 984 (1974). 

29. A. Benvenuti &al., Phys. Rev. Letters & 597 (1975). 

37. M. Chanowitz and S. D. Drell, Phys. Rev. Letters z, 807 (1973), and 

Phys. Rev. B 2078 (1974). Also K. Matumoto, Prog. Theoret. Phys. 

9, 1975 (1973). 

3'. G. Parisi, Phys. Letters G, 207 (1973). 



39. G. Parisi, Phys. Letters 50B, 367 (1974); D. J. Gmss, Pbys. Rev. 

Letters z 1071 (1974); A. De Rujula e al., Phys. Rev. D10, 2141 

(1974). 

b. W. K. Tuhg, University of Chicago preprints EFI 75/l4 and EFI 75/%, 

1975 (unpublished). 

41. E. M. Riordsn et al., Phys. Letters a 249 (1974). -- 

42. Note that this is generally not true if there are nw quarks and 

thresholds for new physics in either muon, electron, or neutrino 

scattering. 

43. See, for example, K. Sasaki, Kyoto preprint EUNS 318, 1975 

(unpublished). 

44. E. T. Mahanthappa and T. Yso, Phys. Letters E, 549 (1972): 

J. E. Mandula, Phys. Rev. D8, 328 (1973). 

45. See, for example, D. V. Nanopoulos and G. G. Ross, CEPN preprint 

TH.2007, 1975 (unpublished). 

46. R. P. Feynman, ref. l2; for detailed application to inclusive hadron 

production see M. Grounau, F. Ravndal, and Y. Zarmi, i-?uCl. i’hys. 

~51, 611 (1973). 

47. 

46. 

49. 

50. 

51. 

52. 

53. 

See J. D. Bjorken in Proceedings of the Summer Institute on Particle 

Physics, July 9-28, 1973, SLAC Report No. 167, Vol. I, p. 1 (1973), 

and references therein. 

See, for example, J. Ellis, Phys. Letters 35B, 537 (1971). 

BRichter, in Proceedings of the XVII International Conference on High 

Energy physics, J. R. Smith, ed. (Rutherford Laboratory, Chilton, 

Didcot, 1974), p. m-37. 

See the parallel session of the London Conference organized by 

H. Meyer in Proceedings of the XVII International Conference on High 

Energy Physics, J. R. Smith, ed. (Rutherford Laboratory, Cbilton, 

Didcot, 1974), p. IV-57 and references therein. 

J. T, Dakin s al., Pbys. Rev. D10, 1401 (1974). 

See the data presented by M. Hagenauer in Proceedings of the XVII 

International Conference on High Energy Physics, J. R. Smith, ed. 

(Rutherford Laboramy, Didcot, Chilton, 1974), p, IV-95. 

J. D. Bjorken, lectures at this Institute, 1975. 

54. But note that if the pions are not direct quark fragments, but 

tertiary products which are the result of weak decays, where 

isospin is not conserved, then neither Eq. (48) nor (50) need hold. 

23 





L?PlDN SCATTERING AS A PROBE OF HADRON STRUCTURE 

E. D. Bloom 
Stanford Linear Accelerator Center, Stanford University 

LmmJREI. INTRODUCTION 

Electron scattering experiments have long been used to study the 

structure of matter9 One of the first such set of experiments was 

performed by Frank-Hertz(2) . m 1914 to study the nature of atoms: 

Figure 1 shows their experiment schematically. Electrons were accel- 

erated from a central cathode through the gas sample by applying a voltage 

to a grid. The electron current is collected at the anode to which a 

small retarding voltage is applied. As the grid voltage is increased, 

the mrrent collected increases until enough energy is obtained by the 

transporting electrons to excite an atcmic level. At this point all 

the energy is absorbed from the beam and the collected -ent falls to 

zero (secondaries are also made). As the voltage is further increased 

the primary electrons and some secondaries are further acceleratad and 

the collected current again begins to rise. This behavior dmonstrstes 

vividly the quantum nature of the atom and is shown in the bottcm half 

of Figure I-l. 

As the structures to be examined moved from atomic sized to 

smaller and smaller objects , more massive experiments were needed to 

probe the structure of these ever smaller c&tituents of mstter. This 

is because in probing smaller distances one needs shorter wave length 

"iight" and hence higher energy electron beams. Thoughthe experiments 

became more massive, the essential nature of the electron scattering did 

not change, indeed as indicated in Figure 1-2a it is simplicity itself! 

Figure 1-2b schematically depicts the experimental apparatus of M&r 

and Nicoll(3) which was used in the late 20's and early JO's to measure 

the structure of the atoan. InFigureI~cisshomanevenmore 
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schematic representation of the apparatus used by R. Hofstadler and his 

many to-workers(4) III the study of nulcear structure during the 50's and 

early 60's. Figure I-ja is a recent picture of SLAC; the spectometers 

are housed in the large building on the lower right (Figure I-3b). 

This "device" was used in the study of "elementary particle" 

structure by scattering electrons from protons and neutrons in the late 

63~s and early 70's. 

Even though the range of energies is from a few ev to many Gev 

corresponding to distances of 10 -a cm to loo-l5 cm, each level of struc- 

ture uncovered by electron scattering reveals certain features which are 

quite in common. Figure I-4i shows some excitation spectra obtained in 

the Mohr and Nicoll experiments. One observes, generally, an elastic 

scattering yield at zero energy loss; as the energy loss increases, 

peaks are seen corresponding to excitation of the electron structure of 

the atom (as first seen in the Frank-Hertz experiment). In the atomic 

regime, and in the nuclear regime represented in Figure I-hii,these 

features have been quantitatively described in terms of the corpuscular 

stucture of atoms and nuclei. Many particle physicist's believe that 

the similar behavior of electron nucleon scattering, an example of 

which is shown in Figure I-Miidndicates a corpuscular substructure for 

hadrons. 

We can clearly learn much about the structure of the objects 

probed by electron scattering. How does the scattering actually yield 

this information? A seemingly natural division has occurred between 

experiments involving studies of elastic scattering, when the target 

stays integral in the scattering process, and studies of inelastic 

scattering, where the target is excited to higher energy levels in the 

scattering process. These two processes give us rather different aspects 

of the targets structure. I'd like to consider, in a non-relativistic 
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framework, some general features of elastic and inelastic electron 

scattering. 

a) First let us examine elastic scattering. In Figure I-5 is 

depicted elastic scattering in the limit of small momentum transfer, 

7 = (i: - $9 )2. (The notation is explained in the Figure.) This pro- 

cess has no time dependence, and so we can visualize the scattering as 

a steady state diffraction problem. The target acts as a steady state 

phase shifter. This is because all that enters from the target is the 

average "charge distribution" o(f), and p(s) has no 

Thus as derived in Figure I-5, one finally obtains for 

scattering cross section, 

time structure. 

the elastic 

(I-1) 

where the Form Factor F(G*) is the Fourier transform of the charge 

density p(g), i.e., 

(I-2) 

The lack of time dependence in this process implies that elastic 

scattering does not probe times small compared to the natural times of 

tine target system. The Fourier relationship between 9' and ? implies 

that "large" ;* probes small distances, however, there is no correspond- 

ing time relationship. Thus elastic scattering gives us information 

analogous to that obtained from a camera with a high quality lens ana 

very fine grain film, but a slow shutter. If an object has structure, 

and this structure is moving, the camera will yield a blurred picture 

of the object. From this picture it will be impossible to know if the 

object is just diffuse, or if it has rapidly moving structures inside it. 

INCOMING ELECTRON 
WAVE NUMBER= k’ 

For the relativistic case in elastic scattering we need the Fig. I-5 

four-vector kinematical definitions shown in Figure 1-6. Also depicted 

Non-Relativistic Elastic Scattering 

SCATTERED ELECTRON 
WAVE 

t=s/%, Ifl=IFI 

a~relativetoO=(li-t').P=iT.P 

-A 
AA =Apoint eiq* rp(r) dV 

-a 
A = Ahint / Pr P(r) eiqs I' 
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E, E’, e aye laboratory variables. SW.11 

Fig. I-6 

there is the relativistic "Born approximation" or "one photon exchange" 

used to calculate the elastic scattering cross section or Rosenbluth 

formula.(5) This first order perturbative approximation is used through- 

out my lectures in the description of lepton hadron scattering. This 

approximation has been tested in a number of experiments, and to the 

experimental limits of accuracy has been shown to hold. (6) In the 

relativistic scattering case there are two form factors, charge and 

msgnetic, and scattering from the nucleon is expressed by the Rosenbluth 

formula as 

= ($Mott c p’ CCE Jd))* + TCCM Jd))* , 
1+i + 2T(G;,n(q*H* tan* g 

I 

(I-3) 

where T = q2/4M2, and where 

(g&& = 
d 

4E2 sin4 $ (1 + e sin2 !-) 
p,n 

is the point scattering cross section. Various kinematical quantities 

are defined in Figure 1-6, and cz = l/137. To obtain the cross section 

in u-barns/ster, take all relevant quantities in Gev and multiply (I-3) 

by 389.4 vb-Gev*. Equation (I-3) represents the scattering cross section 

for a spin-l/2 target, and GE p,nh2), G;,,(q*) are the charge and mag- 

netic forum factors for the proton or neutron. 

G;(O) = 1 G:(O) = 0 

(I-5) 
G;(O) = pp = 2.79, G;(O)=p = n -1.91 
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b) In inelastic scattering, transitions between the ground 

state and excited states can occur and the non-relativistic inelastic 



analogue of F(q*) is, 

O-6) 

where ofi(?,t) is the transition charge density, and 

$.A vt - <.: , \I = Ef - E. 1' (I-7) 

tid i usually denotes the ground state. In this case the temporal as 

we;i as :;pacial oependence appears. Hence, both small distances and 

times (compared to the scale of the target) are probed if $* and Y 

are made large enough. Thus inelastic scattering gives information 

analogous to that obtained from a camera with a fast shutter speed as 

well as a got.! lens a-2 fine grain film. Natural times of the system 

correspond roughly to the ener~ level spacing of the target, and so 

energy transfers, Y, much larger than the energy level spacing freeze 

the action in the target system. This corresponds to a shutter speed 

fast enough (with a film resolution fine enough, large $2) to pick 

out the individual pieces of the moving target system. In sxxe modern 
42 langusge, q , v large implies that, '.* - t -PO, that is, the light cone 

is approached. 

Again considering the general relativistic case for inelastic 

scattering exchange implies, after summing over initial and final 

spins,(7) 

O-8) 
22 

--Al = & .W2(S,q2) + 2wl(s,s2; 28 
dz. dx' tan pl 

where 

2 
(du, = 

cos2 g 
(I-9) 

d:: ‘ns 4E2 sin' $ 

various kinematical quantities are defined in Figure 1-6, and to obtain 

cross section values in units of v-barn/Gev-Ster take all relevant 

quantities in Gev and multiply (I-8) by 389.4 n-barn-Gev*. 

One should note that the choice of Wl(S,q2) and W2(S,q2) as 

structure functions is not unique. (Also Gy GE in the elastic case.) 

in general the xoss section, both elastic and inelastic, when one photon 

exchange is used will,have the form 

CT = c~~~~,(a(S,q~) * b&q*) tan2 $-, . (1-U) 

I refer the reader to the literature for the interesting proof of this. (8) 

But obviously, other form factors a'(S,q2) and b'(S,q2) can be chosen 

such that, 

u = I’(S,q*,6) [a’(S,q2) + b’(S,q*) l (S,q2,6)l (I-11) 

P and E being known functions not depending on the target. One such 

representation was invented by Hand, (9) 

where 

snd 

d2o -= 
d.!i d.E’ rtr(r,cs,q2, + Ecr,@,s2H , (I-13) 

(I-13) 

1 + 2(q2 + V2) tsn2(Ei/2l 

s" 

(I-14) 

In Hand's picture UT and us can be interpreted as the total cross 

sections for transversely and longitudinally polarized virtual photons 

(on the target), respertively; using this intuition we define 
is the no structure point scattering cross section with no recoil. Again, 
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OS R=--, 
OT 

(I-15) 

INCLUSIVE ELECTRON - CARBON SCATTERING 

a quantity which informs us of the spin characteristics of the target 

(or the constituents of the target). After some effort (10) one finds 

that for scattering from a spin l/2 object R -0 as q2 increase, 

while for spin 0 objects R +m as 2 q increases. Note that, 

kinematically, 

2Mw,(S,q21 = 
VW /s s2)(1 + d 

2’ ’ / v2) 
(q2/2Mv) (1 + Rj . 

(1-16) 

I would now like to give a specific example of how elastic and 

inelastic electron scattering probe the target structure. Consider the 

case of e - C .s2 -scattering. 

In Figure I-7 are shown e - C12-scattering spectra (cross 

section vs energy loss, at fixed angle) at approximately one energy, 

19 Mev, but at two angles, 80' and 135’ (Figures I-7a and I-i'b respec- 

tively). 

Figure I-7a shows a spectrum at the smaller angle and corres- 

pondingly smaller q2 than Figure i-7b. The q2 at the elastic 

scattering peak, 

92 = 
4E2 sid(e/2) 

(I-17) 
1+ 2E sid(e/2) ' 

Mc1. 1 

is q 2 = 0.0571 Gev2, for ti = Poe, 
e 

and 2: = 0.124 Ge$ for 9 = 135’. 

The elastic form factor for Cu has a2 exponential q2 dependence and 

is given in the shell model by 

alq2 exp[ -(a2d/4) 1 , (1-18) 

s 
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g 
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with E=6,al=a2=q.18Gev -2 , Q= 4/3, the measurements are fit very 

well. Hence as q: increases from Figure I-?a to Figure I-7b, the 

elastic scattering all but disappears. 

If we consider a Cl2 nucleus as a "bag" of nucleaus, and con- 

sider the scattering from these nuclear constituents to be quasi-free, 

we expect an elastic electron nucleon scattering peak centered at 

v=E l- 1 
1 

1 l+ 2E/ME sin2(@/2) ' 

(I-19) 

d/v = 2+ $ = nucleon mass 

or in Figure 1-P at E' - li10 Mev. (Nuclear binding effects c~ul easily 

shift this value by 10~20s.) The elastic scattering form factor of the 

constituent nucleon6 has been empirically found to be (11) 

Gi= ( :l+1,.71J2 (I-20) 

And thus has a much slower q2 dependence than FE 
5.2' 

(Note that FE 
5.2 

(I-18), shows no hint of the substructure form factor, g (I-20). ) De- 

fining, the q2 at the "quasi-elastic" scattering peak as 

f& = 4ELEie sin2(6/2) , (I-21) 

We find at 80' (Figure I-7a), $e = 0.037 Gev*, and at 135', 

Ge = 0.0827 Gev'. 

The central point of this discussion is that as angle increases 

the elastic scattering dramatically decreases relative to the quasi 

-3 electric scattering with /ce/luQe - 2 for 9 = &Jo, and ~o,//u~,,- 3 x10 , 

for 0 = 135' (ratio of elastic yield to quasi-elastic yield). Yet by 

measuring only the elastic scattering, the dramatic structure in the 

inelastic scattering (quasi-electric scattering) goes totally unnoticed. 

To really "see" the substructure nucleons one has to scatter electrons 

inelastically with q2 large compared to the Cl2 size, and V 

large compared to the Cl2 nuclear level spacing (few Mev sp&ing), 

and q'/~ fixed at about 2ME (to lf$-20%). 

After the above motivation, the highest energy electron scatter- 

ing data seams to fall into the mold of its predecessors. Figure 1-8 

displays elastic scattering data (12) as the extracted Gk$q2)lCip divided 

by the dipole form of equation (I-20). why the data is so closely of 

the dipole form has yet to be explained satisfactorily, but this depen- 

dence holds to the lwgest q' measured. From this result one again 

would see the proton as being a smooth charge distribution having no 

discernible substructure. The Fourier transform of the dipole function 

is again a simple function, and in the Breit frame where E in = %ut 
for the electron 

PG) = 
eri$.: E ~2 a G (q ) dr = ooe-G.84r 

from which we obtain a root mean radius of the proton of 

(r) = 0.80 fermi . 

(I-22) 

However, when inelastic scattering of electrons from protons is 

measured the result in Figure I-9 is obtained. Here again the deep in- 

elastic scattering (large S) has a mnch slower q2 dependence than 

the elastic scattering as long as v/q2 does not get too small. 

In the nuclear case we chose v/q2 - 2 Mmr; in the ep case Bjorken 

predicted that there was no relevant mass scale and thus the data 

would scale in v/q2 rather than necessarily showing strong structure 

at a particular value of v/q*. By scaling he meant (and is generally 

meant), 
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VW&~*, = F&/q*), in the limit V, 

2 
9 -) -, 42’ fixed at some value 

(I-23) 

(conventionally the dimensionless ul = w/q* is used). 

The scaling is shown in Figure I-ID in which vW2 is plotted 

in q" bins ~co* = 1 + S/q* (read S/q2), which for present purposes 

is equivalent to v/q*. 

The striking congruence of m scattering at large v and q2 

(compared to nucleon level spacing and nucleon size) to the general 

behavior of previous larger size systems, i.e., e-nucleus and e-atom 

scattering, strongly enhanced ideas which indicated the nucleon has sub- 

structure. Indeed, at the present time many physicists view the electron 

nucleon scattering process in terms of a quark substructure, and hope 

that it is as simple as shown in Figure I-ll. 

0.5 

0.4 

0.3 

“W2 

0.2 

0.1 

0 

R=0.18 
Wz2 GeV 

3 4 5 678910 

W” (w2+q2)/qZ 

Fig. I-10 

36 



REFERENCES, LECTURE I 

1. An excellent review of electron scattering as a probe of the char- 

acter of matter is given in: G. B.West,Physics Reports s 263 

(1975). 

2. J. Frank and G. Hertz, Verh. der PhyS. Ges. l&, 457 (1914). 

3. G.B.O. Mohr and F.H. Nicoll, Proc. Roy. Sot. A& (1932), 229 and 

469; 142 (1933) 320, and 647. 

4. See for example, J.H. Fregeau and R. Hofstadter, Phy. Rev. Pp 

1503 (1955). Also an extensive collection of articles in: Nuclear 

and Nucelon Structure, R. Hofstadter, W.A. Benjamin, Inc. 

5. MN. Rosenbluth, Phys. Rev. B 615 (1950). 

6. For example comparison of e-p to e+p have been made obtaining null 

result. For elastic scattering see S. Hartwig et al., Lett. al 

Nuovo cimento l2, 30 (1975) and references therein; for inelastic 

scattering see L.S. Rochester et al., SLAC-Pub-1660 (1975). 

7. S.D. Drell and J.D. Wale&a, Ann. Phys. 3 18 (1964). 

8. J. Bernstein, Elementary Particles and Their Currents, W.H. Freeman 

and co., Chapt. 6. 

p. L. Hand, Phys. Rev. 129, 1834 (1963). 

10. R. P. Feynman, Photon Hadron Interactions, W. A. Benjamin, Inc., 

Lecture 27. 

Fig. I-11 

37 

11. Ihid., Lecture 22. 

12. D.H. Coward et al., Phys. Rev. Letters 20, 292 (1968). 

13. J.D. Bjorken, Phys. Rev. a, 1547 (1969). 



LECTUBE II. TRR DATA AND HOW IT IS OBTAINED 

Modern lepton scattering experiments are very CompleX compared to 

their 1930's predecessors. To obtain'the quantities that are theoretically 

interesting, such as W2(S,q2), Wl(S,q2),R(S,q2), requires a long chain of 

technically difficult procedures starting with building a large apparatus 

and ending with a data analysis taking hundreds of hours on the fastest 

available computers. As a brief introduction to the experimentalists world 

of Lepton Scattering, this lecture will describe a few Iepton scattering 

experiments in some detail. After the experiments are discussed, data 

obtained in these experiments as well as others, will be shown. 

In Figure II-1 is shown a schematic experimental setup for inclusive 

e- scattering. This setup contains all the elements of the experiments 

here at SLAC; we will discuss the nucelon scattering experiments at FIUL 

separately. 

The first element of the experiment seen by the beam is the beam 

intensity monitor, a device used to integrate the number of electrons 

incident on the target. Our experiments at SIAC have relied on a toroidal 

beam monitor.(l) This device is simply a ferite toroid through which the 

beam passes, and hence the beam acts as a primary winding of a transformer. 

The toroid also has a secondary winding from which the current signal, 

proportional to the beam charge, is further treated electronically and 

finally recorded by the on-line computer to magnetic tape. This device 

integrates the charge incident on the target to + 0.8% (unless otherwise 

noted we always refer to errors by their estimated rms value). 

In Figure II-2 is shown the target system used in all SL4C 

e- scattering experiments performed since 1968. A rather complete 

description of the target can be found in Reference 2. Tne beam 

intensity at SLAC can be made so large as to cause a heating problem 

in the liquid hydrogen or denterium used as target in many experiments. 

If static liquid targets are used, effects as large as 50% 

Toroidial Beam 
Monitor 

Inclusive e- Scattering 

Fig. II-1 
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Figure II-2 Schematic of the target showing the circulation path 
and driving fan. 

in density changes are observed by varying the beam current from low 

values to the highest values at > 180 pps from the accelerator. Note 

that SIX delivers beam pulses at <- $0 pps, and these pulses are 5 1.6~ 

long. The instantaneous current at the target is maximalLy 55 ma, corres- 

pondingtoan average electron current at 360 pps of 2 X 10 l4 e-/sec. To 

avoid the heating problem at high current, a target which rapidly circulates 

the liquid hydrogen and deuterium was developed. This is the target de- 

picted in Figure 11-2. In Figure II-3 is shown the results of target 

density tests made to the largest, current (Ma) X repetitions rate (PPS), 

practically used in experiments. A slight density effect is still seen 

of - 0.3% We place B systematic error estimate of typically + 0.5 on 

the target density, partially arising from this effect. 

In Figure II-4 is shown one of the three spectrometer systems used 

at SIAC in electron scattering experiments (kcture I, Figure I-3e shows 

the spectrometers). In "picture book" style, Figure II-La gives some 

properties of the spectrometer itself, while Figure II-&b shows a typical 

e- scattering detector setup which is housed in the detector shielding hut. 

For a more detailed description of the various elements shown in 

Figure 11-4, I refer the reader to Reference 3. In the process 

of one experiment (at 4') 103, 9 track, 1600 bp1, tapes were produced, and 

their contents analyzed using hundreds of hours of IBM 360/91 computer time. 

This analysis yields "raw" cross sections. These cross sections need to 

be treated in various ways to obtain the final d2a/dRd3* values. Two 

of the main corrections made are briefly explained in Figures 11-6 and 

11-7. The radiative corrections are a major subject by themselves. The 

largest source of radiative correction are shown in Figure 11-7, I refer 

the interested reader to the papers listed in Reference 4 for details 

concerning the radiative corrections used in e- scattering experiments. 

In experiments of great CoIQleXity many checks must be made to 

avoid publication of results which contain serious mistakes. Some of 
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Scatter plots of hydrogen and deuterium liquid densities versus beam current. 
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Liquid H or D, density effects to - 3@ have been seen for CXR = lOOGO. 
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Figure II-48 20 GeV Spectrometer used in scattering experiments with Q 5 20' 

Spectrometer carriage is motorized, 0 set remotely to A 9".lm.r. p set remotely 

under computer control A&p 4.0% ,Lsp;c40.1M, A9A*- 6.4~10~~ sterad, &p/p- 4% 
. 
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DISTANCES IN cm Le&ed 
0 loo I SCINTILLATION 

COUNTER 

I PROPORTIONAL 
CHAMBER 

-l56.4 - 

C --122.1 13e.3- TA 
THRESHOLD SHOWER 

CERENKOVCOUNTER 
TRI 

SCATTERING I RAOiATION 
ANGLE FOCUS LENGTH OF LEAD ,,~, 

SIDE VIEW 
-8 -4 0 4 -8 -4 0 4 8 -2 0 2 4 

8 (mrod) c# (mrad) AP/D berccnt) -,, 

Figure II-bb Typical e scattering detector setup. C counter, Mult counters and 

TA counter are used in et identification MWC system is used to track e-. m-lx3 

are fast trigger counters. 

Figure II-pa 4’ Eqeriment 
Measured Quantities used to Extract d20/dndE' use PWC's and optics coefficients to 

reconstruct e- scattering coordinates a). horizontal projected scattering angle 0. 

b). Verticle projected scattering angle b c). fractional momentum 4/p. 
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+ I% Systematic Error 

2 4 6 8 IO i2 14 16 18 20 

E’ (GeV) ~,l.l. 

Figure II-5b Use multiplicity counters to help separate * e from f (when needed). 

shown is region used and e+- efficiency. 

T (a) 

I I t 

lb) 

50 150 250 350 450 50 150 250 
TA PULSE HEIGHT ,111.. 

Figure 11-5~ Use 'J!A with mult and C to separate et a)' Typical running 
conditions, E. = 13 GeV E' = 9.1 GeV b) One of worst n/e conditions, E. = 20 GeV, 
E' = 4.1 GeV. n/e- 20/l. The arrow indicates the position of TA-Ph cut. 
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Figure 11-6 When E. > 10 GeV and E' is < 5 GeV e -1.3 + - which come from e e 

final states e.g. pair production 7 + P -+e+e- + P, become a contaminant to 

the e- yield, and are subtracted by reversing the polarity of the spectrometer 

and measuring the e' yield. 
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Radiative 
Correction = 
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Region of elastic peak of H2 l 
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l 

MISSING MASS (GeV) 

Fig. II-7 (a) 

Figure II-7a) Radiative corrections are inportent on the 36 level. Various 

checks in the region of the elastic peak are made for H,(Ta)and in the region of 

the elastic and Quasi elastic peajrs for D, (To). 
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Fig. II-7 (b) 
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these "&e&s" E,R sh- in FigS. II-7 a,b, II-8 a,b, and 11-9. In particular 

Figures II& and II-9 ccrmpare experiments from Various groups around 

the world. !ttie agreement of e- scattering experiments is encouraging. 

In Figure II-10 is shown an estimate of systematic errors for 

tbe experiment of Reference 3. As is usual in e" inclusive experiments 

the systematic errors dominate the purely statistical errors. Of ccnlrse 

the systematic errors are much more difficult to estimate than the purely 

statistical errors which can be obtained frcrm a standard formula. The 

estimation of systematic errors is where thefullexperience of the experi- 

ment&list is tested. The incorrect estimation of these types of errors 

has been a constant source of excitement (and ultimately irritation) to 

the physics ccsauunity. 

The final results of the 4' experiment are shown in Figure 11-11, 

only the statistical errors are plotted. Data are shown for hydrogen 

and denterium, for the incident energies, E, taken. The reader is referred 

to Lecture I for kinematical definitions. AS q* increases the data show 

the emergence of a broad continuum finally dominating the resonance 

structures at the largest q*. Resonances are not as apparent for DR 

as for % due to the nucleon motion in the D2 target. In order to 

obtain On/Up, corrections must be made to the proton or neutron to take 

account of the nucleon motion in D , vs none in H2. 
2- 

rypically the 

proton cross sections are "smeared." This correction is again complex, 

and I refer the reader to Reference 5 for a fuller description of the 

cubj ect . Typically the ratio Us/us (s is for "smeared") will have 
n P 

smaller systematic errors than n or us 
I3 P 

separately. This is because 

a number of effects cancel in the ratio, e.g., spectrometer acceptance, 

radiative corrections. As shown in Figure II-12 when systematic errors 

are added, various experiments at widely differeing q* are consistent 

1500 - E = 4.679 GeV 

8 = 10.0.’ 

+ SLAC 

1000 - 
I 

I 
i 

t r’ I- 500 - 
4 
‘h 

iii1 ELASTIC PEAK\ 

W (GeV) 

2.0 1.6 1.6 1.4 1.2 1.0 

I 
I I I I 1 I 1 

REOUCEO BY FACTOR I5 

0 I I I I I I I 

2.6 3.0 3.2 3.4 3.6 3.6 4.0 4.2 4.4 4.6 

E’(GcV) I...,,, 

Figure 11-g Comparison of Desy (5) e- scattering with SLAC results. Quoted 
systematics are t $7. 

with a single value for each xv = l/m* =g */(S+qf?), i.e ., consistent with 
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Even with all the checks the systematic errors dominate the statistical 

errors in the 4' experiment.(3) 

SOURCES OF SYSTEMATIC UNCERTAINTIES 
IN THE ABSOLUTE CROSS SECTIONS 

Hydrogen Deuterium 

No. of target nuclei + 0.94s 5 1.26$ 

No. of incident electrons + 1% 

Solid angle + 2% 
Reconstruction efficiency + r% 

Total + 2.62% + 2.7% 

Estimates of the systematic erFo1‘8 contributing to the absolute 

cross section measurements. Errors due to the following sources 

were smaller and were neglected: rate effects, incomplete T-e 
separation, errors in the E. and 0 measurements, purity of 
the gases used to fill the liquid targets. In addition to these 
systematic errors there are also errors due to radiative correc- 
tions. 

For H, over most of the data the cross section error from radiative 

correction is - + 3$, this increases to + 5% forw > 5 Gev. For 

n-t42 growing to +8$ for low El. Thus the total systematic 

error for: A UH - _ + 4% and AnI,-+ 5% 

Fig. II-10 

47 



.- 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0 

0.5 

0 

I , I 
E (GeV) q2 KAA’& 

I HYDROGEN 

1 

I.19 

I 
,,‘.. ‘. -,,, ‘. .:’ ‘,,, 

F .’ “.’ “““-’ 

,. “,-I.. *_-,_ 
a?, ,’ 8 ’ 

-’ ‘I 

. -_ I3 0.53-0.79 ] 

r- I : 1 

0.27 - 0.47 

I6 0.87 - I.19 

100 t / ‘...,> 
50 / ‘b-d., 4.5 0.06 -0.09 - 

ol*’ ” ” “-i--i-4 ” ” t ” ” 
1.0 1.2 1.4 I.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

1.0 1.2 1.4 I 6 I.8 2.0 2.2 2.4 2.6 2.8 3.0 W (GeV) a,m 

W (GeV) 

Figure II-11 The final radiatively corrected spectra from the 4' experiment- 
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SLBC / 6 GeV c SPECTROMETER A-_--------- ___- 

-- 
P&ure INi- 1.6 c+eylc spectrometer used in 50" &a 60’ experiment. 
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4 i Multiplicity 
Counter 56 

t 
I+= I I- 

Backing Counter 1 ET) 

60 

b Gloss Hodoscope 

; / I 
’ ’ 
t i I 

: 
I ‘” I 

Isobutone Cerenkov 

60 =GODVP PMT 
58 =58DVP PMT 

58U = SBDUVP PMT 
56 =56AVP PMT 

I” = 24cm 

t 
1 horn Envelope 

2 

Y i x 

I I I I 
T Y Hodoscope l.,,,, 

Counter array used to detect electrow in the 1.6 counter 
cave. The To glass hodoscope, pm-radiator, TA1 and l!A2 
formed the total absorption counter. !I'be !!A, mult, C system 
separated e from x to ~1% in 8 n/e ratio up to 25OCjl. 

50 



0.6 

0.5 

T 0.4 
s 

d- 
o 

0.2 

0. I 

0 

Q 
0 

? 

: 
x 4O SLAC Data 

0 Previous SLAC Data 

l This Experiment 
(50” and 60”data) 

0 5 IO 15 20 25 30 35 

Q2 (GeV2) 1.1111, 

Figure 11-15 Elastic scattering with 50' and 60' data. 

Category 

Beam 

Target 

SYSTEM EmOR ESTIMATES FOR 50' ANJI 60' DATA 

OVERALL SYSTEMATIC ERRORS 

Contribution 

EO 

FlUX 

Halo 

P 

.8 

.6 

.2 

Typical Size ($a) 
D 

.0 

.6 

.2 

Density .T .5 

Purity .5 .5 

Length .5 .5 

spectrometer 

Measured 
Subtraction 

Solid Angle 

Empty Target 

Positron Yields 

1. 1. 

.7 

2. 

.4 

2. 

Radiative 
Corrections 

Tails 

Inelastic 

1. 

4. 

.a 
4. 

wl Extraction 1. 1. 

Neutron 
Extraction 

P subtraction 

Unsmearing 

1) Linear Addition 
2) Quadrature Addition 

3) Contributions Linear, 
Categories quadratically 

11.9 12.3 17.3 

5.0 5.0 6.2 

6.3 6.0 7.8 

4) j) added in quadrature 
to point-to-point error 7.1 7.4 8.9 

4) For o;/fl; = 6.0% 

N 

c 

3 

2 

Fig. 11-16 
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SCALE TRANSFORMATION OF MUON SCATTERING APPARATUS 

150 GeV 

5625 GeV 
Key 

I Spark Chamber Module m Magnetized lrpn 17.3 KG 

: Propwtvznal Chamber Module 0 Demogneftrtd IrOn 
I Coot Hodoscow eS H,gh Density Concrete Plug 

Figure II-19 
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ratio( %e) = ( 
150 Gev data/56 Gev data 

150 Gev Monte Carlo/j6 Gev Monte Carlo 
(11-l) 

In Figure II-20 are given the beam characteristics, frc?n the FNAL 

extracted proton beam, to the final u beam. In Figure II-21iS shown 

the target (Fe) used in this experiment. The target thickness was also 

scaled with energy. 

Now that the various experiments have been briefly discussed, 

let us consider the results of these experiments in terms of theoretically 
2 

interesting qualities. The interesting kinematic variables are p , V 

and S, and values of a scaling variable, e.g., q 2/ S, or q"/V. Where 

does data exist in terms of these variables? Figure II-22 idi.cateS in 

terms of a recent experiment the range of data on which the experimental 

discovery(3) of scaling was based.(9) The scaling phenomena was predicted 

by Bjorken before the experimental discovery. (10) Over the 7 years follow- 

ing the first announcement of scaling , much data was obtained at SIAC 

expanding the q2 rsnge observed by more than an order of magnitude. As 

shown in Figure II-23 not only was there a simple extension in q2 and 

S = W2, but also data was taken at different angles allowing a separation 

of R(S,q2); data were also obtained for D2 and heavier nuclei. This 

data indicated that to within errors of C_ lo%, VW2 scaled in (~~=l+S/a 

to 9' i 15 Gev2. A typical indication of this scaling for 0)': 4 is shown 

in Figures 11-24. And so a picture of VW 2 emerged vs 0' as shown in Figure - 

X-25. Not exactly a quasi-elastic scattertig peak, but, as we shall see 

in thelastlecture, close. The latest series of SLAC experiments (6) at 50' 

and 60~ measured Wl(S,q2j well for the first time and to very high q2 

(2 30 Gev2). As I mentioned previously these experiments are the subject 

of a lecture of this summer school presented by W. Atwood, so I will not 

go into great detail about the results of this experiment. The data 
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Spill 
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F.petition rate 
RF stI-ucture 

DroSuction target 
Production angle 

Decay pipe 
Energy of secondary 

hadron 

Muon beam 
Enera 
Intensity 
Yield (w/P) 

Bern Characteristics 

300 Gev 

200 - a0 msec 

3 - 8.1012 protons/pulse 

6.25 set/pulse 
19 nsec/bunch 

Dichromatic train and 
Triplet train (see Appendix A of Ref. 8) 

0.375" " 1.5" x 12" aluminum 

0 degree 
12" dim 1327 feet 2. . 
156 Gev + 10% 

02 Gev z 10% 

1~ and 56.3 Gev + l.5 M 2% 

100 - 500 kmuons/pulse 
I.& to 10-7 

Occupation probability 0.5 - 3% 
halo/beam 0.4 - 1.0 
a/v 10-5 - 10 -6 

Beam size 3cm x 4cm (150 cev) 
4~ x 5cm ( 56.3 Gev) 

II TARGET CART GEOMETRY 
(0’ 15OGeV) 

11 ?eom Counter Carbon Target Target Counters-to AOC 
x,y. “V Proportional 

Chombws 

Totot Length Iron Torget (I 50 Ge” ) 
= 78.7 cm = 619.7 gms/cm2 
= 4 4.6 Radiation Lengths 

= 3.73 x 1026 Nucleons 

Figure II-21 

Fig. II-20 
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Figure II-22 me Kinematic range of the 4' experiment (1971); less extensive 

data taken in 1967 over a similar kinematic range was the basis of the 

experimental scaling in v/q' announced at Vienna in 1968. 
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Figure II-23 Measurements at SLAC have been completed over much of the shown 
kinematic range for H and D. 
separated in the w angle and 

W and W2 have been explicitly 
3 Angle area. To the left of the 

dated line using vlq2 instead of S/q2 as the scaling variable, 
causes an observable non scaling of the data over the range 
shown. 
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indicate a non-scaling in 0)' of 2Mw 1' to the 30% level. A recent dis- 

cussion of these results can also be found in reference 11. 

With the advent of FIiAL muon beams, a further extension in qz 

and S has been made possible. (Also the CERN SFS will yield much new 

information in the larger kinematic region.) Figure II-27 indicates the 

region which is accessible to current FNAL experiments and future SF'S 

experiments as compared to the SLAC kinematic range. A factor of three 

in 2 q , and order of msgnitude in S is involved. Thus, given time, 

present indications of scale breaking on the 30s level to q' -30 Gev2 

should become much smre obvious as q2 of100 Gev 2 is reached , even if 

+, \ 
‘\ ---- 6.5 GeV 
,‘P, 

Ck 
- 19.5 GeV 

. 
* 

\ 
* 

The dashed and solid lines 

J 

60” 5 
60” - 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Figure 11-26 Over the SIX Kinematic range 2MWl shows a non-scaling in u) 

on the 3@% level to q 2 2 30 (Gev/c)2. Since R # 0.0 and W is < 5 GeV, this 

"non scaling" is difficult to interpret. 

logarithmic breaking mechanisms are operating. Some results are already 

available,(7)'(8' and I will show numbers from the Watanabe thesis here. 

The data used by Watanabe is a subset of that taken, denoted as LA 

(large angle) data. In Figure II-28 the summary of all data taken is 

shown. Results to be published soon includes SA data. (12) Given the 

limited statistics and relatively poor E' resolution of this experi- 

ment, plotting the data at fixed w as a function of 2 q is not as 

illuminating as attempting a global fit to the data. The global fit 

was taken as 

N 2 VW,(!O, q2) = vW2(‘o) - 
1 1 1 + q2/A2 

where N is a normalization factor, and A is a scale violating 

parameter. Given this form, the ratio of data at 56 Gev and 150 Gev 

was fitted to 

1 I iT(1 + hS2/A2)2 
R %-z = (1 + q2/*2)2 (11-3) 

where h = 150/56. If N = 1 and A = m, to within the errors of the 

experiment, than scaling holds to within the errors of the experiment. 
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20 SLAC 

0 

SWRYOFDATATAKEN 
FNAL Muon Experiment 

No. of No. of 
incident triggers 

% Target* Angular muons 
Date (k!V) position range ilO9) j103\ 

Ax. '75 150 SA 15-58 0.6 1 

150 LA 24-88 1.9 25 
YX Aug. '73 56.3 IA 39-144 0.1 25 

Oct. '73 150 VSA U-50 0.8 30 
SA 15-58 1.1 50 
MA 19-70 0.8 25 
LA 24-88 1.0 23 

75 LA 0.3 20 

Apr. '74 56.3 LA 39-144 3.7 80 
SA 24-95 2.a u9 

150 LTw+ 3.4 57 
LTV- 2.9 42 

* 
Target position 

SA small angle 
VSA very small angle 
MA moderate angle 
LA large angle 
LT long target 

no beam veto in the trigger 
: 

Fig. II-28 

Figure II-27 Scaling, from Humble beginnings to 200 GeV. 



As shown in Figure II-29 fits were made with .A constrained at m, N 

and A unconstrained, and DI constrained at 1. +_ 0.05. These fits 

all indicate a consistency with the scaling hypothesis, as well as with 

the scale breaking observed in the recent SLAC experiment. (6) It should 

be noted that A and N are correlated. P. more complete error estimate 

is given in Figure 11-30, which explicitly shows this correlation. 

Systematic errors are an important contribution to the total error in 

this experiment, even given the ratio measurement made. In Figure 11-31, 

I have taken a summary of systematic error estimates from Watanabe's 

thesis which shows how the estimated systematics inipact the determina- 

tion of A. 

As mentioned in the first lecture, the spin of the constituents 

of the proton and neutron can be ?etel--.i?ed by measuring (yet another 

RI, R = usbT, for the proton and neutron. Small R is generally thought 

to imply spin l/2 constituents, (131 howevera more exact statement of 

expectations(14) is that 

F = riu)!v . (11-k) 

The reader should note that scaling tests have sensitivity to 

the value of R. R is a poorly measured quantity compared to the cross 

section, and so there is a constant tef%?taticn to assume values of R 

consistent with the measured values, and then to make scaling tests. 

Almost all scaling tests made to date have some assumption about R in 

them. A recent publication(15) from an MIT-SLAC group has extensive 

data with Wl, W2 separated. I refer the reader to this paper for the 

most recent results concerning R. In this lecture I will only present 

some brief generalities concerning R. In 1968 the first experiment to 

measure R was performed (16) obtaining data at 6', lo', 18', 26', 34' 

with two spectrometers. The result of this experinent was that R was 

Summary of Fits 

Fits 

coIlstaut 
(l/P =O) 

Confidence 
1/A2.104 X*/dof level 

0.96 + 0.03 18.7/u 9.7% 

Unconstrained (N = -) 1.03 + 0.06 36 + 38 17.4/11 9.7% 
- 32 

Constrained 
1.012 0.04 27 + 26 

(N = l+ 0.05) 17.5/11 9.3% 
- 23 

u) rawe 

a, Dependence 
constant fit 

N X2/&f 
Constrainftd fit 

l/A2.10 

WC4 0.87 20.04 1.2 43.3 + 35 

4<(0<8 

Rio,<16 

w > 16 

1.02 + 0.05 0.97 -0.5 + 32 

0.98 + f 0.05 O.lO 12.3 49 

- 45 

1.04 - + 0.06 1.04 -53.6 a-Y 
+ 78 

Fig. II-29 
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0.90 
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Constrained Fit 
N=l+0.05 

I 
0.01 

Figure II-30 N - l/A* CONTOUR PICT. 

small, i.e., 50.5, and had an "average value" over all data measured 

of, R = 0.18 + 0.1. Thus the spin l/2 character of the "constituents" 

was encouraged. As time has progressed this initial result has remained, 

R is small, but new detail concerning equations (11-h) has emerged. 

The global behavior of R is shown(17) 
P 

in Figure 11-32. Part 

A averages the data between W of 2 and 4 Gev, and plots the average 

Rp E d. Part B averages the data for R 
P 

for v between 3 and I.2 

Gev and then plots Rp vs CU. Only the statistical error bars are shown 

but one should note that a 1% shift of the data at 6’, 10' which were 

taken with the 20 Gev spectrometer, relative to the 16O, 24', 36' data 

taken with the 8 Gev spectrometer (2 spectrometers used in the experi- 

ments) gives a 20% shift in R 
P' 

Rd has also been measured, (17) and to within errors, as shown 

in Figure X-33, Rp = Rd. We thus may conclude that Rp vRn. See 

also Reference 15. 

Results from Reference 15 are plotted in Figure 11-34. Here we 

see a consistency with the prediction of spin-l/2 light cone algebra 

(Equation 11-b) to the lO$ level (after systematic errors are taken 

into account). However, the resillts are also consistent with a l.05 

spin4 (constituent) contribution to “wp (15) 
2' 

Finally, I'd like to consider un/u , In the final Figure II-35 
P 

is shown a cumulative plot from many experiments under the assumption that 

F$, = Rn = 0.18. As Prof. Gilman shows in his lectures of this Summer 

School, popular models assuming quark substructure (18) predict, 

G- n- 1 4>--, -0 p-Ji’ 

The theorists believe this result to be basic. The data of 

Figure II-35 might be worrying, except that obtaining data at x' 

nearer 1 is probably many years distant. Remember that as x' -tl, 



Systematic Errors and the Constrained Fit 
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+ 15 
Normalization + 5% 

- 14 

E' shift 
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A = 0.5% + 0.5 
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5 1 RVERRGE A = RD-RP 

RVERRGE A = RD-RP 

Fig. II-33 
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Figure II-34 The quantity vRp plotted versus q' for the 11 fixed values 
of x studied. The solid lines represent least-sqnare fits 

b of tne form vRp = a + bv = B + 2Mx - s2 to ihe data st each 

valtle of X. The error bars shown represent only the random 
"ITOX-s. 
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Figure II-35 Composite n/p 1975, 50' and 60' data are preliminary and assume 

p,p = ~~ = 0.18. 

q” -am for finite W, and taking W 12 is generally considered manda- 

tory when one is examining scaling questions. Thus the point at x' =0.68 

corresponds to q2 130 Gev2. Again as in Figure II-G!, a large scatter 

is seen among the experiments. At present, systematic errors seem a 

likely explanation, though scale breaking effects seen in the proton do 

not need to be the same as those presumably occurrin@; in the neutron. 

This lecture has covered a lot of material, actually much too 

much material for one lecture. However, the reader has been warned, and 

many excellent references have been suggested. 
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LECTURE III. THE FTiENOMENOIX)GY OF LEFTON RADRON INTERACTIONS 

There is extensive electron scattering data available now from 

a number of groups as partially described in the last lecture. To help 

uncover the underlying physics contained in this mass of data,a rich 

phenomenology has developed over the last 7 years. Various approaches 

characterize the phenomenologies, partons, light cone algebra, duality, 

etc. I would like to spend some time discussing some of these approaches 

from a predominantly experimental point of view. Frofessor Gilman has also 

covered some approaches, e.g. partons, from a predominantly theoretical 

viewpoint. 

a! rartons (2 ) 

After much data analysis, as described in Lecture II, the dis- 

tribution for VW 2 
can be obtained over a large range of x', as shown 

in Fig. 111-l. We usually fit this distribution as a function of u)' 

only, obtaining an acceptable chi-square per degree of freedom when 
2 

9 <, 16 Gev2. That is we assume scaling to hold exactly. An example of 

such a fit is,(') 

F,p(‘r) = 0.5435Y 3 + l.714Y4 + 0.h723Y5 - 5.57ly6 + 3.313Y7 , 

where Y = (1 - l/W) . (111-l) 

Note that the fit to the data (at finite 92, S) is made in W', but 

once the fit is obtained, in the context of the parton model we take 

the B. J. limit where u)' = a. (B.J. limit is q' + m, v +m, 

0 = 2MlqV/q2 fixed.) 

Similarly, we can use combined an/np data(') to extract a "fit" 

to 'T"/UP. 'Ibis fit to the data is shown in Figs. III-2 and III-3 for - 

different regions of x1 (along with the data), 

_. 

. . 

2, HYORCICEN R-O. 10 

Figure III- 1 vW2p vs. X'2 for W greater than 2 GeV and q' greater than 
1.3 (c&/c) . From reference 3. 
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VW” 0.35, x’ z 0.75 

2= 0.916 - .754x’, 0.1 < VW; x’ < 0.75 (111-2) 

0.84, 0.05 < x' 5 0.1 

As mentioned in Reference 4, this manner of treating the data 

.%ssmes, Rp = Rn = 0.17, and also that VW;/V"; Scales. 

From Eqs. III-1 and III-2 we can extract the basic parton momentum 

distribution functions. As Professor Gilman has indicated, 

$?x) = ; (fu(x) + f (x1) + $ (f,(x) + f (x)1 + $ (fs(x)+f (x)) 
u a s 

(111-3) 

and 

Fgx) = ; Ifd(X) + f;(x)) + $ (fu(X)Cf-(X)) (fs(x)+f (x)) 
U s 

where 

fu(x) = No. of up quarks with momentum x to x + dx in the proton 

fd(x) = No. of down quarks with momentum x to x + dx in the proton 

fs(x) = No. of strange quarks with momentum x to x + dx in the proton 

and similarly f (x), f (x) and f (x) are the anti-quark distributions 
li a s 

in the proton. Comparison with neutrino scattering data (1) indicates 

that between l<,U,<, 10, f '-j f z f w fs = 0 . 
u a s 

Thus, in this a! region (U 7 l/x! , 

fu(U) - (4/15)~[4F;(c~) - i$(u,] , 

f,(O) - (9/15)~[4F,ni~c) - ?$)I . 
(III-4) 

Figure III-4 shows the distributions obtained for fu(Lo) and f,(U) 

using Eqs. III-l-III-4 and the other assumptions mentioned. These 

distributions don't show any particular structure. 

Figure III-5 shows V$ - $ again assuming Rp = Rn = O.l68v%-x' 

for q' > 0.9 Gev2, w > 1.8 Gev. Immediately evident in the data using 

the representation "x1 g a structure, a "peak" at x' * 0.3. A 

naive interpretation of the result , of the type alluded to in Lecture I, 

.wou.ld imply scattering from lightly bound quarks, the "peak" being a 

quasi-elastic scattering peak. Ihe value of x' - 0.3 would imply a 

constituent mass of about 300 Mev, a value consistent with other calcu- 

lations of the light quark model. (5) This simple interpretation seems 

rather appealing, considering the history described in Lecture I, and 

other resounding successes of the light quark model. However > the "peak" 

is very broad and VW; - V$ must equal zero at x' = 1, and probably 

at x* = 0 and so we may be observing a "lusp" in x', not a peak. In 

a recent preliminary presentation of a FNAL experiment (6) it was reported 

that for q2 > 1 Gev', v$ decreased significantly as u) + 100. If this 

effect is not a "low 2,, q effect, and so scales,the light constituent quasi 

elastic scattering ideas become even more appealing. 

In Fig. 111-6 are shown some recent evaluations of parton model 

(with quarks) sum rules.(7) I1 is the Callan-Gross sum rule,(') while 

I2 is the Gottfried sum rule, (9) when x . mm = 1 and xmax = 0. Of course, 

the experiments cannot cover this entire range. The actual range of x' 

used is shown in the Figure. In particular, I would like to discuss the 

Gottfried sum-rule for v$ - vh$ . 

I - g [VWpd - vwp)l = 0.33 . 
1 

(X1-5) 
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x w 

I 

max 

I1 = dx F2(x) = 
f- 

GF ((o) 
cd2 2 x min %n 

x a, 
max max 

I2 = 
I 

$F2(x) = 
/ 

s F2b) 

x min w . nun 

ELECTROPRODUCTION SUM RULES 

Expected Measured Values 

4' Experiment 
Extended Range 

(many experiments) 
3 quarks Parton Model 0.02 < X* < 0.28 0.02 < X* < 0.82 

IlP 
L 3 0.089 + 0.005 0.152 f 0.009 

0.019 + 0.003 0.045 + 0.005 
llP-llN $ 

I 27 1 I+- 3 9 
0.895 2 0.072 1.052 + 0.085 and we obtain on integrating Eq. (111-6) to o = .XG , 

'2P-I2N 0.139 2 0.031 0.200 + 0.040 

Fig. 111-6 

In experimentally evaluating (III-51 the limit 0 +rn or 

s --)m at finite 2 q , is important. Equation (III-51 can easily be 

derived using a parton model assuming that the infinite sea of qi 

pairs acts the same in the presence of proton or neutron valence quarks. (10 ) 

Also, it has been pointed out that the sum rule may be obtained by assuming 

exact exchange degeneracy for t-channel meson exchanges in hadronic re- 

actions. "1' it is known that exchange degeneracy is good to perhaps 

7 2C% in the t-channel for hadronic reactions so a "more realistic" 

deviation t.11' of iIIi-j) might expect 

I 

m 
AI e 

1 
g [Fp) - I$(41 = 0.33 t 0.07 . (111-6) 

In Fig. 111-6 is shown the evaluation of the sum rule "using 

data" between 1.2 5" <_ 50 and AI for this 0 range is 0.2 5 0.04. 

If we extrapolate the data to (u = m assuming that Regge behavior 

dominates the high energy behavior, h.2) then 

with cl = - l/2 (111-7) 

n1 2 0.28 + (?) . (111-8) 

This result is probably wrong due to the extrapolation, but illustrates 

the possibility of good agreement between Eqs. (111-8) and (111-6). 

This agreement represents another success of the quark parton model. 

b) Duality in Electroproduction (13) 

By duality in electroproduction,I mean that the behavior of 

the elastic scattering and of the electroproduction of nucleon resonances 

is closely related to the behavior of the deep inelastic-nucleon scattering. 
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This connection has a quantitative representation in terms of the follow- 

ing "finite energy" sum rule, (13) 

where 

1+w q" 

av vw,(v,q") = 
M/ 

dW' F2(Wt) (fixed q2) 

(III-V) 

In comparison to usual finite energy sum rules, (14) Eq. (111-V) 

appears very similar except tha i the usual sum of Regge terms on the 

right hand side has effectively been replaced by F2kJ1), which contains 

the relevant information on high energy behavior. In the electroproduc- 

tion case one does not need to extrapolate a high energy Regge expansion 

to threshold. Indeed, Eq. (111-V) is used in regions where an expansion 

in terms of a few powers of V or 0' is out of the question. Because 

one can vary the external photon mass in electroproduction, and have 

scaling, one can directly measure a smooth curve which averages the 

resonances (Eq. (111-l)) in the sense of finite energy sum rules. The 

validity of the sum rule in Eq. (III-V) has been tested(13) using inter- 

polations of VWE(Ut,q2) to fixed q' for the left hand side integrsnd, 

and the scaling limit curve, Eq. (III-l), for F2(sJr) on the right hand 

side. !L'he results of this procedure are shown in Figs, 111-7, III-~. The 

results for the value WM = 2.0 Gev indicate, 

IR (= Right Hand Side) - IL (= Left Hand Side)/% , 

is less than 10% over the q' range 1 Gev to 3 Gev where each side 

(I& is changing by about an order of magnitude. Considering the 

statistical as well as systematic errors present in both the data and the 

interpretation to fixed q", the agreement is extremely good. Furthermore, 
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the removal of the prcminent resonance contributions to VW,(V,q*) 

destroys this agreement, the elastic contribution alone being roughly 

10% of Il. Thus, at least in the region of q' where there are still 

prominent resonance peaks visible, the two sides of Eq. (111-Y) agree, 

and the resonance contributions are a significant part of the agreement. 

In Fig. 111-9 the difference of the two sides of Eq. (III-~), IR - II,, 

divided by I.2 are shown for q' =l, 2 and3 Gev2 as functions of 

the cut-off, WH. The figure indicates that the sum rule is in fact well 

satisfied for the values of W M considerably below 2 Gev. 

Another qualitative way to see the same behavior is to plot 

Vcs/F2(LOr = 1 f ge,/q2) vs q2 where V$?s is the height of the 

resonance bump of mass Hg extracted from the data. (15) As is shown in 

Figs. III-IO through III-U, between a q2 of 1 Gev2 and 3 Gev2, the 

ratio of the height of the resonance bump to the magnitude of the scaling 

limit-curve remains roughly constant for .the prominent N' resonances. 

Other types of analysis have been performed (7) in which "background" 

to resonance peak height has been compared. These are over a more limited 

q2 range, but indicate that over this range the I = l/2 resonances 

persist, while the N*h236) my be slowly decreasing. This resultC7) 

is shown in Fig. 111-U. Taking a look at high q2 data, where explicit 

separations of resonances are more difficult, Figs. III-14 end III-15 

indicate a clear persistence of the I = l/2 resonance bumps relative 

to their "background," while the persistence of the Ii*(l238) is unclear. 

Also comparisons with F:,(u' = 1 + M&/q2) at the resonance peaks have 

not been done for this data. More data and explicit resonance extractions 

would be available at these large q' values within the next year. (1.6) 

The resonance behavior along with that of the elastic scattering 

shows a further interesting property when plotted " q2/W2 as in Fig. 

111-S. 'i'he ordinate in the figure oT + eUS is closely related to VW2 
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since the data plotted come from angles less than 10' where E J 1. As 

q2/8 grows, each resonance state seems to approach a limiting q2 behavior 

characterized by 1/q6. Much data at much largerq'has been obtained 

by Atwood et&, (16) for n1 and has been presented by Atwood in 

aforementioned lecture at this Summer School. He finds that l/q6 for 

W1 does not work as well as 1/q8. I encourage the reader to study 

Atwood's Lecture to see the fill context of this result. 

From a number of points of view theory expects a limiting (q'-+=) 

l/Sb behavior. The parton model yields the Drell-Yan relation (17,18) 

which equates the deep inelastic behavior of F;,(x) near x -11 to the 

elastic scattering asymptotic q2 dependence. In the B.J. limit, 

Drell-Yan expect 

lim F2(x) --t (1 - x) 3 - csld,3 (large S, q' -9 =). (X1-10) 
X-11 

As is shown in Eq. (111-10) the (1 - x)~ behavior near threshold 

in the B.J. limit is equivalent to a l/q6 behavior at fixed large 9. (19) 

Duality arguments (13) also lead to the expectation that at 

finite q2 and S 

VW2 = (a' - 1)3 = (s/q2)3 near w' = 1 (11140) 

This result stems naturally from the requirement implicit in Eq. (III-P) 

that'& large q2 the form factor of a final hadronic state of mass W 

(including resonance states), will participate in the scaling behavior 

of vu2. Indeed, if C(q2) is the excitation form factor (20) of the 

hadronic state of mass W and 

G(q2) -+C(l/q')"'2 (1X1-11) 

as U' +l, then these two behaviors can coexist only if 

n=p+l. (III-U) 

Thus each hadronic final state of mass W, if it is to participate in 

the scaling behavior, must have an excitation form factor with a specific 

power of fEllOff in q2, as q2 gets large, and this power is the same 

for all W and is related to the power with which vW2 rises at 

threshold. If we apply this in the low energy region to a given reso- 

nance of mass WR, then all resonances which follow F2(usI in magnitude 

(as we see in Fig. III-16 the prominent resonance bumps do) must have 

the same power falloff in q2, as q2 gets large (including the zeroth 

resonance or elastic contribution to vW2 which has n E 4). With 

n- _ 4 we obtain from Eq. (111-U) that p z 3, which is the same result 

obtained by Drell-Yan (Eq. (III-lo)), in the par-ton model. 

The interesting successes of the various phenomenologies partially 

presented above are now being tested in much greater detail as ever more 

data becomes available. In order to test some of the'basic early results 

such as scaling in a more quantitative fashion, yielding numbers more 

easily compared with the various theoretical possibilities emerging, the 

projection of the moments of vW2 has been suggested. (22) I would like 

to examine this approach here, even though the data is not yet extensive 

enough in its range of q2 and W to make conclusive statements relative 

to the theories. I believe this type of analysis will play an increas- 

ingly important role in the future. 

What follows is an attempt to test the q' dependence of 

vW2(w',q2) by looking at the moment integrals of vW2 at fixed q2. - 

I define,(4'22) 
2 (21) 

BS 9 -l-, and if VW 2 
can be parametrized as 

VW2 -i cv(uJv - 1) P (111-12) 

76 



----- 
- ---- 

---_------ 
________ 

--_---------- 
$ c 

.- 
. 

-------------------__________________ 
rr, 
- 



Contributions from the scaling fit (Equation (15)) to the rwments evalu- 
ated to (u' = j;, and (D' = 2.22. Table is for upper limit of integrals 
at 0' = 5. 

time& 
BO 

BO 
BO 
3 0 
BO 

B1 

B1 
Bl 

Bl 

B2 
B2 
B2 
3 
B3 

q2(Gev/c)2 Value 
16 0.087 
13 0.087 
11 0.087 

9 0.087 
7 0.087 

16 0.0139 
13 0.0138 
11 0.0139 

9 0.0139 

16 0.00338 
13 0.00336 
11 0.00343 
16 0.00114 
13 0.00114 

Scaling Fit Contribution 

Value 
0.86 
0.74 
0.47 
0.25 
0.14 

0.66 

0.47 
0.22 
0.08 
0.42 
0.23 
0.08 
0.24 
0.09 

Note that evaluating the moment integrals to (0' = 2.22, the limit of 
data at q2 = 13(Gev/~)~, does not change the slopes in q' of the 
Bn(q2) shown in Figures III-19 - 22 significantly. It just changes the 

overall normalization. For this limit of u)' = 2.22, the Bn(q2) are 
obtained from essentially only data, the scaling fit playing a minor 
role. 

Fig. 111-18 

of the integrals at the finite q2 , S available is not simple to inter- 

pret. I have chosen u)' as the relevant scaling variable for two 

reasons. First, given the duality results discussed in the Lecture, 

I have a prejudice that o' incorporates the resonances in a reason- 

able way. Second, a large amount of data at lower q2 is resonance 

data, and if those data are left out, then what one can say about the 

data-determined values 3f B,(d), and hence scaling, is diminished 

considerably. In any case, given the moments in u)' one can obtain 

them for any other reasonable scaling variable by a Taylor expansion 

to that variable. 

The moments have many useful possibilities for interpretation. 

I'll now give some examples of how the moments can be used. 

a) Suppose that as q2 -+m, Bn(q2) = Cn all n. This would imply 

exact scaling. Maybe in (ill, q2 is finite when scaling begins. 

b) Another possibility is that expressed by Chanowitz and Drell (24) 

of a scale breaking due to the vector gluon interaction, a parton 

form factor. In this case, . 

B,(q2) -. (1 + q2/A2)-2 as q' +m for all n (111-15) 

c) A third possibility is that first suggested by K. Wilson, (25) 

anomalous dimensions, which is also a scale breaking phenomenon. 

In this case, 

lim Bn(s2) + (L's2)En (111-16) 

q2-tm 

with to = 0, ttil Z tn 0, n = 1, 2, . . . . 

The en are the anomalous dimensions of the operators in a 

Wilson operator expansion. If anomalous dimensions exist, B,(d) 

should be constant as a function of q2 while Bl(q2), B2(q2), . . . 
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should decrease more and more rapidly as n increases for increas- 

2 
ing q. This case is similar to the case of "asymptotic freedon. ,,(25) 

In Figs. III-19 through III-22 are shown the moments evaluated 

as described above vs q2. The error flags are estimates of one standard 

deviation systematic errors. These were obtained by a Monte Carlo 

technique usiri the systematic errors of the individual experiments 

mentioned earlier in the Lecture. (li; These errors should be taken as 

guides and not be used in a purely statistical fashion. The purely 

statistical errors in the Bn(q2) are smali since a large amount of 

data is being integrated over. 5% is shown on each graph for reference. 

Note that some graphs have suppressed zeros. Again, one should refer 

to Fig. III-18 to determine what fraction of the integral comes from 

data and what fraction from the scaling fit. 

It appears that the lowest two moments B _,/,is2), Bo(s2) do not 

have a q2 dependence above Q2 = 1.5 (Gev/cj2 within errors. GiVeI 

the values in Fig. III-18 a A of 5 i2 Gev seems safely excluded for 

the Chanowitz-Drell parton form factor. This corresponds to a parton 

size of < 1.7 * 10 -* fm. 

As n increases the Bn(q2) appear to develop a progressively 

stronger q2 dependence, until a quite obvious drop-off is apparent 

in Bj(q2), Fig. X1-22. For reference the eiastic contribution is 

shown for B2(q2), B (q2j in Figs. 3 
111-21, 11x-22. It is clear that 

the elastic contribution, and so the resonance contribution, is becoming 

appreciable at medium q2 as n approaches 3. One should expect this 

since large n means higher powers of l/U' in the integrals. This 

weights the low (u', or resonance region more heavily. 

Might the q2 dependence be an R(S,q*) effect? Results 

presented in reference 4 indicate that the R dependence of the integrals 

is 5 5%. so the q' dependence does not appear to be an R effect. 

0.25 

gj- 0.08 
0 V 
roe 

0.06 

t++t+,t + ++ 15% 
+ 

ELI/2 h2) vs Q2 

B. (Q2) vs Q2 

Figure III-19 
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Why then is there a q2-dependence in the higher moments? Possible reasons 

might be: 

a) It doesn't make sense to include predominantly resonance contribu- 

tions in evaluating the moments. We need higher q' data over a 

range where the resonances are negligible in the moments evaluated. 

If this is done, the q2 dependence may go away. 

b) Use the magic scaling variable zrn and all moments will be flat 

in q2. (See Atwood's Lecture for a possible z,.) 

c) The resonances are important for the higher moments and resonance 

data are almost non-existent for large q2. 

d) It is easy to fit the Bn(q2) to the form 2 ‘n (l/q ) , or 

q2 11.5 (Gev/c)*, ~3 w 0.14, c5i2 - 0.10, c2 - 0.08, E 3/2 - 0.06, 

cl - 0.04, E l/2 - 0.02, EO - 0. 

Hence the q2 dependence in the B,(d) is consistent with the 

hypothesis of anomalous dimensions, or asymptotic freedom. 

I regard possibilities a)-d) with decreasing probability. In 

any event the B,(d) are numbers based more or less solidly on experi- 

ments which may now be pondered by the theorists. 

The above analysis in terms of the Bn(q2) suggest a scale 

breaking occurring in the deep inelastic scattering. As pointed out in 

Lecture II, new experiments at SLAC and FNAL also indicate the possi- 

bility of scale breaking. on looking at Fig. 111-23, the colliding 

beam results,(i) we see obvious scale violations for P $ >3,0Gev 

where none were expected. (27) An "old scaling" may be present for 

P Q < 3.0 Gev, and this may correspond to the approximate scaling which 

holds in the deep inelastic scatterin&to p- 4-5 Gev. However, 

given present theoretical ideas, we expect the scale violations in the 

colliding beam process to reflect as scale violations in the deep 

PX 

x B,(Q2, vs Q2 

B5/2 

p P 

(Q2) vsQ2 

P 

P 

0 q total 

x = elastic 

Figure III-22 

. . 
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inelastic, and the q2 for the ep breaking should be on the order of 

the Q2 where e+e- breaking is large. 

In Fig. 111-24, III-25 we end on an excitiw note with the 

expectation of what new phenomena we shall find with PEP when S2 and v on 

theorderof 1000 become available. Hopefully, before we retire! 
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HIGH-PI DYNAMICS* 

J. D. Bjorken 

Stanford Linear Accelerator Center 
Stanford University, Stanford, California 94305 

These lectures do not attempt to review this subject, but only to look at a 

rather restricted, but topical, portion. My main reason (or excuse) for such a 

limitation is the existence of an excellent, up-to-date, comprehensive review by 

Sivers, Brodsky, and Blankenbecler (SBB).L In addition, very recent results on 

high-pl correlation measurements from the ISR at CERN and reported at the 

Palermo Conference have. I believe, a large impact on the theoretical inter- 

pretations. 

Therefore, these lectures will lean heavily on the new ISR data. However, 

rather than recite a long set of experimental results, I shall take even more llb- 

erties and use the data somewhat selectively to illuminate the status of my own 

favorite theoretical interpretation-the hard collision model. 

I will not apologize for such outrageous bias, but only acknowledge it, be- 

cause I feel that the new evidence, while far from conclusive, tilts strongly in 

favor of hard-collision ideas. 

In the following, we shall first formulate the hard-collision model in terms 

of three general hypotheses about the phase-space populations of produced par- 

ticles in high-p1 events, illustrating their experimental status with ISR data. 

*Work supported by the U. S. Energy Research & Development Administration. 



Then we shall iilustrate the hard-collision mechsnism by examining the theory 

of pp-collisions which include exchange of a high-PI photon. This has a clear 

connection with deep-inelastic electroproduction processes, themselves hard- 

colIiston reactions. Study of such prototype hard collisions provides a way of 

estimating the properties of the observed collisions (which, however, are appar- 

ently of strong, not electromagnetic. origin). Finally, we discuss more specific 

models of the binary hard-collisions, in particular the constituent interchange 

model-by far the most successful attempt to organize and interpret the data. 

I. EXPERIMENTS, REFERENCES, AND 
A CAPSULE SUMMARY OF THE PHENOMENON 

The first experiment on the high-p1 phenomenon was that of the CERN- 

Columbia-Rockefeller Group (CCR) at the CERN Intersecting Storage Rings (ISR), 

which measured inclusive r” production out to pl m 9 GeV. This and subsequent 

inclusive spectrum experiments are reviewed in SBB. Recent ISR experiments 

to which we shall refer include the following: 

ii) CCRS (CERN-Columbia-Rockefeller-Saclay): A double arm charged particle 

spectrometer triggered by a high-p1 x0 incident on lead glass at the back of one 

spectrometer arm. P/K/r separation only exists below 1 GeV (using time-of- 

flight techniques). 

(ii) ACHM (Aachen-CERN-Heidelberg-Munich): A streamer chamber (nearly 

4x solid angle acceptance) triggered by a no into lead glass. Multiplicity and 

rapidity of charged secondaries are observed, but momenta are not measured. 

(iii) CERN-SFM: Charged particle momenta measured in the split-field magnet 

(SFM) facility (nearly 4~ angular acceptance). The trigger is again lead glass 

at SO’. 

WLR (Daresbury-Liverpool-Rutherford): - Single-arm spectrometer (with 

P/K/n identification) with a “barrel” of scintillation counters (- 4s solid angle 

acceptance) to count associated charged particles. 

(v) CCHK (CERN-College de France-Heidelberg-Karlsruhe): Again the split- 

field magnet, but with a forward, positive high-pl particle as the trigger. Their 

data appears to be at somewhat lower p, , and I will not discuss it here. 

I list here the primary references I have used: 

P. Darriulat, summary report at the Palermo Conference, which will appear in 

the Proceedings. 

ACHM 

K. Eggert, K. L. Giboni, W. Thorn& B. Betev, P. Darriulat, P. Dittman, 

M. Holder, K. McDonald, T. Modis, H. Pugh, G. Vesxtergombi, 

V. Eckhardt, H. Gebauer, R. Meinke, 0. Sander, and P. Seyboth. 

“A Study of High Transverse Momentum x0’s at ISR Energies” (submitted 

to Palermo Conference) 

“Angular Correlations among Charged Particles Observed in Associa- 

tion with a High Transverse Momentum 11’ at the CERN-ISR’(submitted 

to Palermo Conference) 

CERN-SFM 

P. Darriulat, P. Dittmsn, K. Eggert, M. Holder, K. McDonald, T. Modis, 

F. Navarria. A. Seiden, J. Strauss, G. Vesztergombi, and E. Williams, 

“An Inclusive Measurement of Charged Particles Accompanying a High 

Transverse Momentum lie at the ISR Split-Field Magnet Facility” (sub- 

mitted to Palermo Conference) 

CCRS 

F. Biisser, L. Camilleri, L. DiLella, B. Pope, B. Blumenfeld, S. White, 

A. Rothenberg, S. Segler, M. Tauuenbaum, M. Banner, J. Ch&e, J. Hamel, 
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H. Kasha, J. Pansart, G. Smadja, J. Teiger, H. Zaccone, and 

A. Zylberstejn, 

“High Transverse Momentum Phenomena Involving r” and q Mesons at 

the CERN ISR” (submitted to Palermo Conference). 

A most important reference is 

D. Sivers, S. Brodsky, and R. Blankenbecler 

“High Transverse Momentum Phenomena,” SLAC-PUB-1595 (to be pub- 

lished in Physics Reports), 

Much of these Iectures follow, for better or worse, my own review two years 

ago at the Aix-en-Provence Conference: Journal de Physique, Suppl. 10, 34, 

385 (1973). 

We conclude this introduction by briefly reminding the reader of the main 

features of high-p, physics at FNAL and ISR energies: 

(1) The inclusive r” spectrum at high pl falls more slowly than an exponential 

in pl. Recent data from ACHM is shown in Fig. 1 and from CCRS in Fig. 2. 

(2) At fixed large pL the spectrum rises sharply with & . 

(3) The fraction of heavy particles (K, 1, p, 5) increases at high pl , 

typically being - 30% for p, > 2 GeV. At FNAL, K’/n’ - l/2 and stable, 

while p/p and K-/K+ are small but increasing with 4. At the ISR, p x b and 

+ 
K - K- for pI - 2 - 3 GeV. At larger pI, p/p and K-/K+ again begin todecrease. 

II. GENERAL DEFINITION OF THE HARD COLLISION MODEL 

The simplest and most natural way of defining the hard collision model is in 

terms of specific models (multiperipheral, bremsstrahlung, parton, etc. ) which 

in some manner reduce the origin of the high-p1 systems to a binary collision of 

the projectiles or some sub-units thereof. Such models are epitomized by the 

diagram in Fig. 3, where the star indicates the only element containing exchange 

p+p--vr"... 
0 8=90° 
A 9=53O 

&=23.64 GeV 

(x 10-y 
,/S= 30.82 GeV (x iOm3) 

pI (GeV/c) ’ 1’1,411 

Fig. 1. Inclusive r” spectrum E E 
& 

for B cm = 9o”. Dam are from ACHM. 
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of large pl . However, there is a more general definition, which has ths advan- 

tage of being an operational definition, and which includes all such models as 

special cases. This generalization may be phrased in terms of 3 hypotheses 

concerning the phase-space populations of particles in high-pi events. The 

first is 

Hypothesis A: Coplanaritp 

Define a place by the beam directions (in a collinear frame of reference) 

and by the direction of the highest-p1 particle in the event. Then consider the 

other produced particles and Iet pN be the component of momentum normal to 

the plane so defined. Then the coplanarity hypothesis is that dN/dpN should fall 

steeply with-increasing pN. Perhaps 

PN -- 
dN -bN 

dPNwe =e 

<pN> 
(2.1) 

where <pN> is small, much less than 1 GeV. 

The evidence concerning this hypothesis comes from CCR and CERN’-SFM, 

and is somewhat cdntradictory. For events with twp opposite-aide high-p, ~‘~8 

with pI > 2 GeV, CCR finds2 

<pN> - 1.3 f 0.2 Gev (2.2) 

very large indeed. However, CERN-SFM has measured (cf Fig. 4) opposite-side 

charged particles produced in association with a 11’ trigger with <p,> - 2.4 GeV 

and find 

<PN> - 0.5 - 0.6 GeV 

We shall return to this question later when we consider prototype hard collisions, 

in order to estimate what <pN > ought to be. 

200 

160 

80 

!i 

4 
60 

m 

160 

120 

80 

I I I I ’ i I 1 
(a) POSITIVES (b) ’ I 

NEGATIVES i 

“f 

Fig. 4. Distribution in pN of opposite-side charged particles produced in associa- 

tion with a 11’ trigger with < pI> - 2.4 GeV. Data are from CERN-SFM. 
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Hypothesis C: Jet on the Opposite Side 

This hypothesis comes in two parts. The first part is that there exists at 

least one high-p1 particle on the side opposite the highest pf particle in the event. 

The only way to avoid this would be to have an excess opposite-side multiplicity 

G large and growing linearly with pl. However, the data shows a considerabl) 

smaller amount; ACHM quotes an opposite-side excess multiplicity Anch=3. ‘7 

* 0.3 at a pI for the trigger a0 of 5 GeV. Even after allowance for neutrals, 

this amounts to a pl of - 1 GeV per excess particle. Figures 9 _ 11 show some of 

the evidence for this multiplicity increase. The DLR data show that it is approx- 

imately independent of the nature of the trigger particle. There is further evidence 

with a similar conclusion from CCRS, to which we shall return later. 

The main part of Hypothesis C is that all m high-p1 particles emerge in the 

same direction as the highest-p1 opposite-side particle (i.e., Hypothesis B re- 

peated again). As yet, there is no data in support of this hypothesis, but there 

would seem to be no reason why CERN-SFM should not be able to soon supply it. 

A frequent point of confusion lies in the breadth Ay of the opposite side rapid- 

ity distribution of the excess “balancing” particles. Experimentally Ay - 4, very 

large. This, however, does not measure the width of the rapidity distribution of 

the components of the opposite-side jet (which should bs small, Ay < 2). but the 

distribution in rapidity of the jet axes themselves, averaged over many events. 

This is expected to be broad. The breadth of the opposite-side rapidity distribu- 

tion has been measured (Fig. 12) by CERN-SFM as a function of the pL of the op- 

posite-side particle. It is roughly independent of pI , with Ay - 4 (FWHM). 

: 

Fig. 8. Rapidity and mass-distributions of charged particles produced in associa- 

tion with a trigger r” at 90’ with pI - 2 GeV: (a) <PI ch > - 0.5 GeV; 

@) <‘I ch> - 0.7 GeV; (c) <pI ch) -l.OGeV;(d)<pl ch) > 1.2GeV. 

Data are from CERN-SFM. 

We may conclude that there is general consistency of the data with the three 

hard-collision hypotheses A, B, and C, although the older CCR data is inconsist- 

ent with A, and C is not fully tested experimentally. 
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Before continuing with a more quantitative discussion of the evidence, we 

conclude this section with some further data on correlations: 

(i) Data from CCRS show that the distribution of opposite-side charged particles 

(at ecms = 90’) does not depend upon & (Fig. 13). It exhibits again a large 

value for the 2-particle correlation function, comparable to that found at high 

energy on the same side. 

(ii) The low-pl component of the associated particles seems not to be strongly 

correlated with the existence of a high-p1 particle. Such data comes mainly 

from ACHM, and their papers should be consulted for the detailed evidence. An 

example is given in Fig. 14. 

F 
III. EXAMPLES OF THE HARD COLLISION MECHANISM 

A simple prototype of a hard collision is deep inelastic electron-proton scat- 

tering. 1n the laboratory frame, one naturally considers it as a collision of a 

virtual photon and the proton. The populations of produced particles will peak at 

low pl and be distributed over all rapldities. with photon-fragmentation region3 

(length w log Q2 in rapidity space) and proton fragmentation region (length m .2) 

at the extremes. This is illustrated in Fig. 15b. In the e-p center-of-mass frame, 

this same population maps into that of Fig. 15~. Half the photon fragmentation 

region maps into a high-PI “jet, ” and the electron (plus soft bremsstrahlung) is 

found on the opposite side, balancing the pi. The remainder of the produced 

hadrons (as well as bremsstrahlung photons) goes down the beam direction. Thus 

the structure of the event is that of three “jets” (with a fourth consisting of soft 

bremsstrahlung radiated by the incident electron). The process satisfies all the 

hard-collision hypotheses, provided the mean <pI > of virtual photon fragments 

(as seen in the laboratory frame) remains small, even for large Q2. The evi- 

dence regarding this will be reviewed in the next section. 

I- I I I I 
F “OPPOSITE SIDE” CHARGED PARTICLES 

&=30.6 GeV 
44.8 I p;brab 
52.7 3 GeV/c 
62.4 

Fully inclusive spectrum 

0 2 

at Js=44,8 GeV 

p; (charged particles) GeV/c 

- 

5 

2171.11 

Fig. 13. Invariant cross section for charged particles produced in association with 

an opposite-side pi’ with pI > 3 CeV. Data are from CCRS. 
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We can now consider the main prototype for a hard collision in pp interac- 

tions. This is via exchange of a highly virtual photon (Fig. 16a). The resulting 

rapidity distribution of produced hadrons (Fig. 16b) is evidently obtainable from 

Fig. 15. We see that the positions in y of the jet axes depend upon Q2, wl, and 

w2, and can, at very large s/Q2, vary over a wide interval. 

In addition, suppose the inclusive distribution of electroproduced badrons 

obeys Feynman scaling (or “limiting fragmentation”); that is (tn the ordinary 

laboratory frame), the inclusive distribution of energetic hadrons obeys 

dN z do 
z-iG=oFiT = g(z) (3.1) 

with x = p,, /pm,. This maps into the statement that for the e-p ems kinematics, 

the high-pl hadrons obey a similar scaling law 

P$- = g 
PI 

1 ( ) jet 
Pl 

(3.3) 

There is not much evidence regarding the vslldity of such scaling tn high-p, 

collisions. 

Finally, there is a scaling property of the inclusive distribution of highpA 

hadrons which follows from the absence of any intrinsic energy scale in the snp- 

posed dynamics of the virtual photon exchange process: 

E $f - ‘1 
-4f +e 

( max cm 1 
(3.3) Fig. 16. (a) Diagram for pp interactions via photon exchange. (lo) Rapidity distribu- 

tion of produced hadrons for the photonexchange process. 

P 

s Y* 

P 

(a) (b) 

While it might be natural to anticipate a similar behavior for the strong pp 

collisions, this does not occur, and if there e a scaling law. the exponent is - 

approximately 6, not 4. In any event, the y-exchange process has nothing to do 



with the observed higfi-pl phenomena: it is too small by a factor of - lo*. 

But it may still be of use as a prototype of the collisions we do observe-in terms 

of understanding the populations in phase-space of produced hadrons. 

Up to now we have not needed to introduce the concept of constituents or 

partons to motivate the hard-collision hypothesis. However, if one accepts the 

notions of the par-ton model, then the leading hadrons (“photon fragments”) in 

electroproduction become “parton fragments.” When they are mapped into the 

phase-space appropriate for the pp collision, the parton fragments become the 

high-p1 hadron jets. And the kinematics of the collision becomes much more 

transparent. Of course, in going over to the strong high-p1 collisions, the 

whole question of the relevance of constituents has to be reexamined. And the 

constituents need not be point quarks: there are also gluons, dlquarks, or other 

parton clusters (“mesons,” “baryoas”). We return to the. question of what col- 

lides with what in Section VI. 

IV. STATUS OF JETS IN LEPTON PHYSICS 

This section is only a cursory review of the properties expected for hadrons 

produced in lepton-initiated processes. A more detailed discussion can bs found 

in Gilman’s lectures. What we need here are the broad features of the hsdron 

distributions, to be used as input to the prototype hard-collisions discussed in 

the previous section. The lepton-induced processes for which we have some in- 

formation are 

ii-; 

- e- hadrons 

- ~1~ hadrons 

vp - tic- hadrons 

+- 
es - hadrons 

ln the parton model, the leading hadrons are “fragments” of a parton, and 

in particular the “up” quark should predominate in all reactions. Therefore, to 

a rough approximation, the distributions should obey Feynman scaling and all be 

the same. There is some evidence that this is not terribly far from the truth: 

(a) Multiplicity. The multiplicity of produced hadrons seems to depend 

primarily on W, the total center-of-mass energy of the hadrons, independent of 

Q 2 and of process. In Fig. 17, we have plotted data from SLAC and Cornell for 

electroproduction? SLAC data for colliding beamsPa quoted fit to v - p data 
5 

from 

15’ hydrogen bubble chamber exposures at FNAL. and a rough fit to multiplicities 

observed in pp and ap collisions. 

(b) Inclusive Spectra. For electroproduction, we have reconstructed the in- 
6 

elusive spectrum of leading charged hadrons dNch/dz from SLAC data, and com- 

pared it (Fig. 18) with data from e’e- annihilation at Ecms = 4.8 GsV, as reported 

in the 1974 London Conference. The efe- spectrum has been divided by two, in- 

asmuch as two partons are produced, not one as in electroproduction. One sees 

general agreement at the factor-of -two level. Weshould probably not expect bet- 

ter, because of the “new physics,” which provides half the e+e- events, but cer- 

tainly not half the electroproduction events. In any case, there should be consid- 

erably more data presented at the Lepton-Photon Conference, along with careful 

comparisons of the spectra. 

(c) <pi> Relative to Jet Axis. Very recent data7 (Fig. 19) from a Univer- 

sity of California (Santa Barbara) experiment at SLAC indicate a sharp increase 

in the <pI> of leading (z > 0.4) electroproduced 1~’ as Q2 increases. The trend 

is consistent with the earlier charged-particle data at SLAC and implies a <pL> 

in excess of 1 GeV for Q2 ( 5 GeV2. Can this be connected with the large <pN> 

observed by CCR? This measurement deserves close analysis and confirmation, 
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hadron - hadron 4 
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15’ chamber at FNAL 
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0 2 4 6 8 IO 12 14 
W 27?,.17 

Fig. 17. Multiplicity of produced hadrons as function of the available hadron CMS 

energy W for various processes. 
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(5.1) 

which is essentially the experimentally measured quantity. We may put the 

z-axis in the beam direction and the x-axis in the direction of the exchanged 

photon. Then 

(5.2) 

where “’ )electroprod 
is evidently the quantity discussed in the previous sec- 

tion. We see that 

<PN> - <P1’electroprod ’ 
(5.3) 

With electroproduction data parameterized as 

(5.4) 

one finds (Fig. 17) 

b-4-6 Q2< 4GeV2 

<PL> - 
0.4-0.5Gev 1 charged secondaries (5.5) 

b,l Q2 ‘- 4 

<Pl> > 1 GeV 
1 

11’ secondaries (5.6) 

Given the two ISR measurements of <~ > 2 0.5 GeV and <pR> 2 1.3 GeV. 

one may draw a variety of conclusions. The safest is that, at least for the near 

future, the matter rests in the hands of the experimentaiists. 

C. Opposite-Side Jet and its Inclusive Spectrum. We skip to the third 

hypothesis in an attempt to first ascertain the nature of jets produced in hadron- 

hadron collisions. There are three sources of information: 

(i) There are CCR opposite-side no-r0 correlation measurements,’ which have 

rather large uncertainties, and which I here ignore. 

(ii) CERN-SFM present normalized spectra of all high-pi opposite-side particles. 

(iii) CCRS present spectra, not normalized, for particles emitted into a small 

solid angle (at f3* = 90’) opposite the triggering particle. 

CERN-SFM present dNch/dx integrated over a broad swath of rapidity of 

the charged opposite-side particle. x is defined as the ratio of the charged par- 

ticle pl to the pi of the triggering ito. When presented in this way, the data 

agree quite nicely (including normalization) with SLAC electroproduction data. 

Their presentation of the data is in Fig. 20. 

It may be that a better variable than x is xJ = p /p 
12 IJet’ As will be esti- 

mated in the next subsection, probably p 
1 let 

- 1.3 pll. Then dN/& gets re- 

scaled a factor 1.3 horizontally as well as vertically 
( 

--13dN d.N 
1 dxJ ‘dx’ This 

tends to move the experimental points below the electroproduction distribution, 

but the effect is not large. 
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Fig. 20. Normalized inclusive distribution of charged particles produced opposite 

to a trigger r” with 2.5 CeV < pI < 3.4 CkV. Data are from CEBN-SEW. 

The solid points are electroproduction spectra for comparison. 

In comparing the CCBS data with CEBN-SF&f, we note that what is measured 

by CCBS is a conditional inclusive spectrum. 

do 
F(P~....)=EIE~ 3 

do 

d pld3p2 
=E2 d3p 

2 
ELK. 
’ d3pl P trigger 

da 
= dy2dPZl dpN 

where p 1 = trigger x0 momentum 

x0 trigger (5.7) 

p2 = opposite-side charged particle momentum 

Then 

do 
- = F (p2) <AY> < pN > = (con@ F 03 
dp21 

(5.8) 

lf we use the evidence from CEBN-SFM that <Ay> and <pN> are approx- 

imately constant. Assuming this is so, we have placed, in Fig. 21, the CCBS 

data against the CEBN-SFM, normalizing the former to the latter in the overlap 

region. It would appear that the structure of the opposite-side jet (provided it 

exists!!) is at the least quite similar to what is seen in lepton-induced processes. 

In Fig. 22 is plotted a crude estimate of the opposite-side excess multiplicity 

in comparison with the multiplicity found in leptcn-induced processes. It may be 

a little larger, but the uncertainties are large and in any case, the magnitude of 

the discrepancy is nothing to be alarmed about. 

B. Same-Side Jet. The consistency of the oppostte-side high-p1 hadron 

spectrum with that of a “jet” with propertles similar to that of lepton-induced 

jets suggests the hypothesis that the same-side high-p1 system is a similar jet. 
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Fig. 21. The same data, compared against the inclusive spectrum presented in 

Fig. 18. Also shown are the CCRS data, normalized to agree with CERN- 

SFM in the overlap region. The horizontal scale of CCRS (shown on the 

top) is chosen so that x = PI /PI Ir~ . See the text for a critiqve of this 

choice. 

Fig. 22. Estimate of twice the excess multiplicity (of the opposite side produced 

particles) vs W = 2.6 pI l (the estimated total CMS energy of the high-p1 

system), in comparison with lepton-induced processes. 
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However. before testing such a hypothesis, the bias induced by the existence 

of the high-p1 trigger particle must be understood. 

To do this, assume the triggering ‘1’ is the product of a jet, which has a pro- 

duction spectrum 

do -neff (PI ) 

d ‘1 (Jet) 
= cpl (Jet) (5.9) 

which is roughly similar in shape to the inclusive spectrum. Experimentally. 

(Fig. 23), neff _ < 8+1 atISRenergiee( & u 45 GeV) and varies slowly with 

pI (once Pi L 3 Cev). 

We now suppose the conditional inclusive R’ spectrum is similar in shape 

to the charged spectra. For that, we take a reasonable average to be 

so that 

where 

Thus 

dNno 
dx 

2 10 e-5’6x = f(x) 

x = pl /‘I Jet 

- 
I !!p” 

“eff 
= ( 1 PI 

f (4 

(5.10) 

(5.11) 

- 

._ 

6 1 I 62-gGeV i 
I I I I I I I I 

0 2 4 6 8 
pL (GeV/c) 117,*11 

-pl do Fig. 23. Local exponent neff = 0 - vs pI Taken from Rarriulat’s review 
dpl 

talk at Palermo Conference. 

(5.12) 
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Given n eff = 
constant, we find the ratio of no/Jet at the same transverse momen- 

turn to be 

?f- =(qg.),,,= /L3ff-’ f(x) 
Jet 

0 

(5.13) 

The integrand is plotted in Fig. 24. We see that it is not too sensitive to n eff’ 

but that it is quite sensitive to the behavior of f(x) for x > 0.8, where measure- 

ments are sparse and in any case difficult to interpret. Thus the area is certain 

to no better than a factor 2, but the nominal ratio is 

0 
E- 
Jet 

= 2.2’1% (5.14) 

In any case, the mean value of x is - .75 - .85. Thus. with the trigger-s’ 

carrying 3/4 of the total p 
I 

, the composition of the same-side jet is very 

atypical. (A “typical” jet could, in principle, be obtained by triggering on large 

total pL deposited into a given solid angle, e.g., by use of a hadron calorimeter.) 

We may now generalize the previous calculation to estimate the joint distri- 

bution of two r’s, say one r” and one *-, both of high pI and emerging together 

on the same side. We shall assume small correlation of the two pions within 

the jet, as is the case in ordinary hadron-hadron processes. We write 

dN dN 
dxl dx2 = 3 dx2 = R(xl. x2) (5.15) 

0.10 

0.08 

0.06 

0.04 

0.02 

0 

I I I I I 

X7f,o (xl 

0 0.2 0.4 0.6 0.8 1.0 
X 111,121 

Fig. 24. Integrand for Eq. (5.13) vs x. 

where xi = Pi i/~I Jet and R = 1 + C, with C the correlation function. For the 

relevant x-interval (x1 + x2 - 0.7), we take 0 -< C 5 1, an assumption which 

appears not to be in conflict with what is observed in ordinary processes. We 
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(1 - 2E)P1. Data are from ACHM. for “standard” jets <Ay > p, - constant independent of p, .) Then putting in 
L J. 

fpN1>- 0 5 GeV z.-..-- .- .35 GeV and the observed 
4 F2/F1 - 4.5, we recover 

k?? - 18 
710 

(5.29) 

CF2>. F2 
r 18 quoted by ACHM; from their paper, one obtains F - 4.5 GeV 

-2 

1 1 
for 5 < pI c 8 GeV and & = 52.6 GeV. The first conclusion is, of course, 

that tbe prediction of approximate constancy of the (SK)/* ratio with pL is con- 

sistent with the data. Using < Am2 > - 1.1 GeV2 from the CEHN-SFM data, 

we get 

(noro) - 15 
P 

(ii) We may also write 

F2 = da 
dyl dy2 dpI dpI 2 dpNl dpN2 

1 do 
- ’ <ap,2> <““2 > dyl dpl PI de dPNl 

(The factor 2 comes from integration over pN2 from -co to + 00 . ) 

Likewise 

F1 = 
do 

dyl dPNl dpI 

and thus 

(5.25) 

(5.26) 

(5.27) 

(y) = (dyl dp;;dpl de)= 2pl cApN> <'y,>$ 

do 
dyl dpNl dPl 

(5.28) 
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There is at least good compatibility between the two estimates. Also the 

general compatibility of the dipion/pion ratio with the theoretical estimate (and 

especially its constancy with p,) lends support (but not proof) that the same-side 

high-p1 system is a jet with properties not dissimilar to those of the opposite- 

side jet. Furthermore, there appear to be enough dipions (1: v”+ v’ v-+ $ no gives 

- 4. I5 I 60n”!!) to account forthemajorityof the”jets”requiredbyEq. (5.14). 

However, one cannot rule out other interpretations. For example, in the 

constituent interchange model (discussed mainly in Michel Davier’s lectures), 

the basic subprocess believed relevant to the 90’ CMS ISR spectra is quark-meson 

scattering. This implies that the opposite-side system is a quark jet, 

while the same-side system is a “meson, ” presumably of low mass. Whether 

the large, low mass dipion continuum can be regarded as decay products of un- 

stable “mesons” remains an open question. 

We may finally study the same-side conditional inclusive spectrum measured 

by CCRS (Fig. 5). If indeed (vv)/v = constant, it follows from Eq. (5.21) that 

do 
EIEZ 3 

d p2d PI F2 @I+P~) F l(pI + P,) 

E” d 
= 

F1@l’ 
= @onstJ F1@l) (5.30) 

’ d3pl 

While the CCRS data is not normalized, the s-dependence should be visible. The 

trigger v” momentum pI is restricted to be larger than 3 GeV. We take pl-- 4 GeV 

and plot in Fig. 96 the expected behavior of F2/F1 with 6. It is certainly con- 

sistent with experiment. 

Hence the same-side correlation data all seems to be internally consistent 

and quite consistent wiih hard-collision hypotheses, including the supposition that 

the same-side jet also shares the general properties of the opposite-side jet and 

of lepton-induced jets. 

0 2 
p (GeV) 

Fig. 26. Expected behavior of same-side inclusive spectrum with & under the 

hypothesis that (vv)/v = constant. 
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VI. SOME COMMENTS ON MORE SPECIFIC MODELS 

In the previous section, we saw that the hard-collision hypotheses seem to 

be in general agreement with most correlation data, although one cannot claim 

that they are confirmed. However, for the present, let us suppose ‘they are con- 

firmed and address the main question: 

WHAT’S GOING ON 7 

First of all, there is the question of whether the general hypotheses for 

phase-space populations that have been discussed really imply binary collisions 

of constituents residing in the incident projectiles. While the implication is 

strong, it is only an implication. Maybe the best test of the concept will be the 

test of time: either it remains of value or it doesn’t. In any case, we do not 

consider here any alternatives. 

Then all that is left are the answers to the following simple questions: 

(i) What are the incident constituents a and b of projectiles A and B which 

undergo the hard collision? 

(ii) How do constituents a and b collide, and what is the differential cross 

section do/dt 71 

(iii) What are the outgoing oonstituents c and d after the binary collision? 

(iv) How do constituents c and d fragment (if at all) into the observed high- 

pI hadron systems C and D? ? 

There are a variety of candidates for initial and final constituents, which in- 

clude quarks, antiquarks, gluons (including strings or bags), diquarks, triquarks 

(i.e., baryons), quark-antiquarks (“mesons”), the new partons (e.g., charmed 

quarks), or the new particles (e.g., charmed hadrons). We shall consider in 

turn the possible role of each such constituent: 

A. Quarks and Antiquarks as Beam Constituents. 

There is a constraint on how much antiquark is present in the incident pro- 

jectiles from the ratio o VN/ov N - i measured in neutrino processes. For 

the scaling variable x > 0.1, a reasonable bound is 

wq 

Inasmuch as most high-p1 data requires the longitudinal fraction of the constit- 

uents to be 2 0.1, this implies that any collision mechanism that relies upon 

qq -cd >>I 
qq-cd 

and which contributes significantly to the yields in pp collisions will contribute 

overwhelmingly for r N collisions under the same conditions. That is 

nN - cd+... ,,l 
NN- cd+... (3.3) 

simply because the n contains a valence antiquark, not possessed by the N. 

Measurements of such production ratios at FNAL should be a good constraint 

on production mechanisms involving antiquarks as initial constituents. 

Another possible problem w,ith mechanisms specific to q{ processes may be that the 

opposite-side rapidity correlations may be wrong. For a qq annihilation mech- 

anism, there is a strong tendency for the opposite-side jet to have the same 

rapidity as the same-side trigger. This configuration both minimizes the sub- 

energy st for the hard annihilations, and minimizes the longitudinal fraction x 

of the antiquark in the initial beam (cf Fig. 27). However, data from ACHM, as 

well as unpublished data from DLR, indicate that if the pion trigger has positive 

rapidity, the opposite-side particles tend to be emitted at negaUve rapiditlea. 
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Fig. 27. Configuration of produced jets in CMS frame for q - 4 s-channel annihila- 

tion processes. Both jets tend to have comparable rapidities. 

However, if the trigger particle is a heavy particle, the opposite-side rapidity 

distribution peaks at zero rapidity. This is a perplexing situation, which cer- 

tainly does not favor a dominant qz mechanism, and in fact poses problems for 

s hard collision mechanism. ’ 

B. Can Quarks and Antiquarks be the only Relevant Consthents and Fragments? 

The answer here is probably no. To study the question, we assume 

(i) The factorization hypothesis for quark fragmeotation is applicable, i.e., 

if the process is 

pp- q+ . . . 

Li 
II+ . . . K+ . . . 
p+ . . . 

(6.4) 

the pI distribution of ha&on “fragments” depends only on z = pI badron/pl quark 

and not on the rest of the environment in the collision (see Eq. (3.2)). 

(ii) We also assume that for the relevant ~(-0.7 - 0.9, Fig. 24) and for a 

non-strange parent quark 

q-K+ . . . q-P + . . . 
>> 1 >> 1 

q-K+ . . . q-F+ . . . 

Then for a given p,, of the jet (or quark) 

(6.5) 

=” 
pp-K+... = pP-P+ .a. 

pp-.Q+ . . . pp*z+ . . . pp--P+ . . . 
(‘3.6) 

Therefore, the ratio of K/K to P/P should be universal and equal to uniQ 

everywhere. Empirically, it is e (Fig. 29). 
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Fig. 28. Ratio of (p/c) to (K+/K-) under various conditions. 

C. Conventional Gluons as Partons 
.- 

According to the parton-model interpretation of deep-inelastic electropro- 

duction data, about 50% of the momentum of an extreme-relativistic proton is 

not carried by charged constituents. The remainder of the momentum must be - 

carried by neutral constituents, by definition the gluons. What is a gluon? ? The 

simplest notion is that, at least as far as short-distance behavior is concerned, 

the gluon is a quantum that behaves in a manner similar to the photon. (It can 

have an internal quantum number such as color, but that will not concern us 

here.) Then we would be tempted to treat the gluon as another par-ton like the 

quark. One then needs to determine its momentum distribution (the analogue to 

vW2 for quarks). But there are some constraints on such use of gluons as 

partons: 

(I) Gluons g are valence-partons. However, at large x (such as FNAL 

energies), the process 

g+g - c+d (6.7) 

must be negligible because this would give a H/P and K-/K+ ratio of unity, which 

is very far from the truth. Gluon-quark hard collisions 

g+ P -g+q (6.6) 

are not very satisfactory either. The fragments of the gluon cannot provide a 

high-p1 trigger (because such fragments are symmetric in K+/K-, etc.). But 

then the opposite-side jet consists of gluon fragments (which jets empirically 

look like quark fragments). We arrive at a somewhat contradictory situation, 

inasmuch as gluon fragments must then provide a trigger as often as the quark 

fragments. 
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D. Strings and Bags 

We must not forget that the strong interaction which confines quark quan- 

tum numbers may turn out to be more exotic than a conventional field-theory 

description modeled after quantum electrodynamics. If quarks are bound to- 

gether by strings (flux-tubes of non-abelian gauge field ?), we might entertain 

the idea of the hard collision as a string-string interaction (Fig. 29). Or if the 

confinement mechanism involves bags or bubbles (see Sidney Drell’s lecture), 

the hard collision might involve bag fusion followed by fission. However, it is 

clearly very hard to elevate such thoughts to a level above wild speculations. 

E. Diquarks and Triquarks as a Single Constituent 

Practitioners of the constituent interchange model have found it of use to 

consider the diquark, d = (qq), as a single constituent, for example in subproc- 

esses such as 

q+d-B+M (6.9) 

Likewise, in baryon spectroscopy the diquark is also a useful concept: in non- 

relativistic SU(6) language, it constitutes the symmetric representation 2,1 con- 

tained in 5 x 5. Then the baryon B is a bound state of q and d; if the interaction 

potential is taken to be quark-exchange (interchange ? ?), the spectrum is 

2 x 2J. = 5,S (L even) + ‘// (L odd), in good agreement with observation. 

Probably the best way of thinking of the diquark is as a positive, short- 

range correlation in the qq wave-function, 

Also of use in the constituent interchange model is the notion of baryons 

(qqq) or mesons (q<) as either initial or final constituents which undergo a hard 

scattering. As a final outgoing constituent, one would naturally identify such an 

object as a low-mass N* or meson resonance. However, for any process, say 

a+b-B*+d (6.10) 

(0) 
w* *- -*QW+.+-- 0 (cl , 

(b) 

Cd) 1775.1, 

Fig. 29. Possible hard collisions of strings: (a) Before: (b) During. High pI is im- 

parted to string segments at the point of collision. (c) Later; (d) Still 

later. We have four jets of high p - 1’ 
superimposed in pairs. 
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. . 

it is hard to see why 

a+b-(q+q+qj+d (6.11) 

shouldn’t also exist, with the q + q + q system a high-mass final state containing 

a baryon. If the trigger is on the B*. trigger-bias does enhance the 

importance of the low-mass systems. However, this does not apply to the case 

where d is the trigger. 

As for the role of d, B, M as initial constituents, they may be simply quarks 

which at the instant of collision have the same impact-parameter and therefore 

I0 act as a single unit. If this is the case, one might expect a lot of acoplanarity 

in the final products. For example, the reaction q + d-q + (q + q) could lead 

to a final state with three high-p1 jets. There could also be similar mechanisms 

which are coplanar, e.g., gluodiaintegration of the diquark 

g +.d-q + q (6.12) 

11 which has its nuclear analogue in photodisintegration of dinucleona in the nucleus. 

Another possible mechanism (discussed recently by Landshoff, Polkinghorne. 

and Scott)12is simultaneous scattering of the constituents of a diquark or a baryon 

(now with arbitrary relative transverse coordinates) from two or three constituents 

in the other beam. The most characteristic feature of such a mechanism is the 

existence of not one, but two or three opposite-side high-p1 jets, which, however, 

remain coplanar with the high-pl trigger. If this or the preceding process is in 

fact relevant, one might well see the effects most prominently at FNAL energies 

where the interactions of the valence constituents (x 2 0.5) predominate at hfgb pI . 

F. New Partona or New Hadrona (e.g., Charm) 

Let us suppose that the rise in R = o (e+e-- hadrons)/u (e+e- -@‘pa) at d2 

- 4 GeV is at least in part due to pair production of new hadronfc partons: 

e+e-- cc -. Let us also accept the notion discussed by Harari that the inclusive 

hadron distribution has two components, as sketched in Fig. 30. This implies 

that there is very little new component for x 2 0.5 in the inclusive spectrum 

which, in turn, measures c- hadron + . . . Therefore. if one makes the very 

reasonable assumption 

pp-c+aII <,I 
pp-q + all (6.13) 

everywhere in phase space, it follows that hadron fragments from Pp - c + all 

do not contribute significantly to inclusive spectra at high pl . 

We must follow such a sweeping assertion with many cautionary words. The 

first is that the largely untested parton-model assumptions have been used here. 

The second is that a rare component of “new physics” in the inclusive spectrum 

in e+e- annihilation may be larger at high x than its “old physics” counterpart. The 

most obvious such candidate is the direct-lepton ,omponent. 

Also, although tbe inclusive spectra at high pI is unlikely to be dominated 

by the products of the new par-tons, there may be groups of particles produced 

by “new physics” which do dominate the spectrum of such groups. Thus clever 

multiparticle triggers utilizing high pI may, in fact. be a very effective way of 

searching for the new physics in hadron collisions. 

We may also discuss the production of new hadrons (let’s call them generi- 

cally D) without reference to any underlying hard collision or parton structure. 

We begin by guessing the shape of the inclusive spectrum. A decent first try 

for small pi is 

E & 2 e-aml = e 
-a &f--z7 

d3P 
16.14) 

This crudely gives a universal behavior for production of II, K. 5. and even J 

(Fig. 31) with a choice of a - 6 GeV-‘. For high pL , we might guess D/r - 

constant. (This works for K+/v+.) 
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Fig. 31. Transverse-momentmn distribution of J as measured by MIT-BNL (cf 

report of U. Becker to the Topical Conference). 
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To estimate the size of the inclusive spectrum, we choose production at 

rest in the ems system at very high energies. Zweig’s rule would suggest that 

D production should exceed $ production, for which CCRS has measured” 

da/dy - 10 
-31 cm2 . On the other hand, if D+/?T’ = 1 at high pI, and Eq. (6.14) 

is used to cut off the low pI yie!d, one obtains (Fig. 32) a yield du/dy of D’s - 

3 x 1O-29 .m2. Hence, at ISR energies the guess is 

3 % lo-2g 2 do 
cm >> dy >> 10 -31 ,mz 

(6.15) 

pp-D++ . . . 

Takingdoldy - 10 -30 cm2 gives D+/ ?r’ - 3% at high pI . The hadrons from D 

decay do not contribE& to inclusive spectra, as already asserted. Suppose 

dx;! dx - 2(1 - x) for a fast hadron emerging from a high-p1 decaying D with 

Then, as in Eq. (5.13), 

1 

.!x= 
D+ / 

bxl dN 
dx - 4% 

0 

(6.16) 

giving h/x+ - 10 
-3 

. 

Leptons from decaying D’s may similarly be estimated. For the 2-body 

decay, D+ -- Q+u , a similar exercise gives 

P+ IB z--ii 
D+--P*V 

(6.17) 

e+/ n+ _ 4 x 1O-3 B 
D+-. P+v (6.1s) 

(with an uncertainty of a factor 10). With a 3-body decay, taking very crudely, 

dNp/dx - :(l - x) as ahove, we again get 

10-30 
&-- 

2 4 6 
pL (GeW 

8 

. 

Fig. 32. Conjectured inclusive production of D” at very high energy and .9 = 90’. 

The curve is drawn for a production cross section g - 30 pb. 

f-‘/D+ - .O4 B + 
D --1+M” 

(6.19) 
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or 

,‘/R+ . 103B + 
D --P+Mv 

(6.20) 

again with sn uncertainty of a factor 10, 

Thus the indications are that, provided the conventional charm-like ideology 

underlying the new physics is correct, the new physics is probably not a domi- 

nant element of high-p1 phenomena. However, it is probable that D/k is largest 

at high p 
1’ 

so that the search for such objects might be easier in that region of 

phase space. Also, lf the “mundane” high-pi phenomena are conclusively shown 

to be predominantly coplanar, there may be an advantage in studying -1 

non-coplanar events in the search for new particles in hadron-hadron collisions. 

VII. CONCLUSIONS and FUTURISM 

It should be evident from the previous section that I see no clear picture of 

the dynamics underlying the hard collision structure. This conservative and 

gloomy viewpoint is, I expect, not fully shared by the practitioners of the con- 

stituent-interchange model, which model by far gives the most comprehensive 

description of the phenomena!4To me, the strongest features of the CIM are 

its nice accounting of elastic processes, and the smooth connections it makes, 

via the dimensional-counting rules, to the inclusive processes. J.n addition, the 

model has further smooth connecttons to low-p1 physics, i.e., the Regge and 

resonance physics, as well as incorporating a generalization of duality concepts 

to high-p1 phenomena. And the pa&on-interchange mechanism is, after all, at 

the heart of the Feynmsn picture of low-p1 hadron dynamics. 

On the negative side, the CIM is not yet a fully quantitative theory. While 

s and pl dependences are specified, the absolute magnitudes of the individual 

subprocesses are free parameters. lndesd, with the variety of candidate sub- 

processes. there are many implicit and explicit free parameters and, to some 

extent, even functions available. This means there exist many positions of re- 

treat for the model and thereby difficulty in putting the model to a crucial test. 

While this is not anyone’s fault, it still remains a real difficulty in practice. 

Other possible difficulties rest in understanding correlation data, 
9 

in particular 

the large same-side ( sr)/n ratio and the opposite-side rapidity correlations 

found by ACHM and DLR, to which we alluded in Section VIA. 

However, the most immediate problem is that hard-collision 

hypotheses have to be fully established (or disproven). This means in particular 

(i) Clarification of the question of coplanarity: are the CERN- SFM and 

CCR results on < pN > compatible? 
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(ii) The distribution of the rapidity difference Ay of two opposite-side high- 

pi particles is needed; it tests whether there is a single opposite-side jet or a 

more complex distribution, such as fan-shaped. 

(iii) The composition of the opposite-side jet components (K/n, p/r, etc.) 

will be of great value in sorting out various candidates for hard-collision proc- 

esses. Such data should emerge from two-arm spectrometer measurements at 

FNAL in the not-too-distant future. 

(iv) Scaling behavior of the opposite-side high-p1 inclusive distribution 

(does it depend only on the ratio pl /pl trigger 7 7) would be of value in testing 

whether fragmentation-processes for emerging constituents c and d have a 

universal character. 

(v) Measurement of how the inclusive distributions in the beam directions, 

including identification of particle type. change in the presence of a high-p1 

trigger would help to reveal the origin of the quantum numbers of the high-pL 

component. 

(vi) Clarification of the properties of lepton-induced jets will be of great 

use, in particular the check of Feynman scaling for the inclusive spectrum at 

various Q 
2 

, and the comparison of e+e-, e-,p-, and Y -induced jets. Also im- 

portant is determination of the < pI> of leading hadrons (x > 0.4) YS Q 2 for 

e+e- jets, as well as eN, pN, and Y N deep inelastic processes. The composition 

of such hadron spectra is also important for comparing with jets in the hadran- 

hadron collisions. 

(vii) Other jet studies in hadron-hadron collisions, using, e.g., calorimeter 

triggers to study the jet/To ratio, should help remove trigger-bias effects and 

study more directly the hard collision itself. 

(viii) Vital is resolution of the problem of the direct lepton production. The 

next step, now underway, is looking for dilepton pairs in a large solid-angle 

experiment, as well as checking the Drell-Yan formula for large-mass dilepton 

production. 

Is all this worth it? I think there is no question; the feasibility and compre- 

hensibility of weak and electromagnetic physics at superhigh-energy pp colliding- 

beam facilities is almost guaranteed to be good if the lepton jets exist and the 

Drell-Ysn parton-antiparton annihilation mechanism works. And whatever the 

nature of high-p, hadron reactions, it is background for such physics and must 

be understood. But beyond such mundane considerations lies the promise that 

the high-p1 hadron dynamics gets at fundamentals of strong interactions. If so. 

while it will be a long and difficult task to understand the phenomenon, it will be 

well worth the efiort. 
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HADRONIC COLLISION AND HADRONIC STKJCTJRE 

(An Experimental Review) 

Michel Davier 

Lab. de 1'Accelerateur Lineaire, Orsay, France 

A. LARGE PT EXCLTJSIVE PROCESSES 

I. Constituent Models of Large Angle Exclusive Reactions 

1. Hard Scattering Models: From the observation of point-like . 

behaviour in inelastic lepton scattering, we expect that hadrons can 

scatter at large PT through hard collisions between their constituents. 

In such models, due to the point-like nature of the constituents, the 

structure of the cross section for an exclusive process A + B -C + D is 

predicted to approach the following power-law scaling form: 

g (s,t) 
PT2=(masses)* 

(PT2)+ F(i) 

Such a dependence implies a power law fall-off of dt g at fixed CM angle: 

-n (g(s)) fixed f3 - s . However,large PT hadron-hadron scattering may be 

more complex, so it is important to check experimentally the validity of 

the fixed-angle power law behaviour and, through a comparison of many 

processes with different qxantum numbers, to examine if the quark structure 

is felt when hadrsnic matter is probed at very short distances. 

2. Counting rules ( 1-J 

The exponent n giving the fixed-angle fall-off can be estimated 

using the dimensional counting r111es derived by Brodsky and Farrar. The 

prescription is to count the minimum number of "elementary" fields (lepton, 

photon or quark) involved in the large angle collision. 

Il=tl A+"Bt"C+"D-2 

For the elastic scattering of leptons on a hadron H 

{H-&H 

it predicts the asymptotic behaviour of the elastic electromagnetic form 

factor. From the differential cross section 

2 E= 
4acY 1 Ifi cot ; + B(t) 

I 
s >> 

dt 2 s t 

we get for any form factor FH(t) 
2 

do FH 
dt w 7 

t-t-J 

and FH(t) w tl-'k 
-1 It predicts Fn" t , FN" t -2 xn good agreement with experiment and even 

Fd - t-5. 

The fixed-angle s dependence of typical hadronic reactions obtained 

from the COuntihg rules are given in Table 1, and later compared to experi- 
merits. Table 1 

Counting rules for fixed angle power fall off in s of typical hadronic 

reactions 
M I q pmeson 
B I qqq baryon 

LzzWS 
dt -n F (0) 

I 
reaction 

MB-Y3 
EE -vM 

I EB +SB 
' 7B -'7B 

7E-m 
i pd *pd 

12 
I 

10 
a 6 I 
9 7 

18 16 

I20 
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3. Conssituent Interchange Model (CIM)( 2, 

In this msdel exclusive scattering at large angle is realized 

through quark exchange( see Fig. 1 for meson-meson scattering, similar in 

spirit to positronim scattering). General form of matrix elements ace 

found to be: 

u t interchmge MAB * &U,t) - F&t) MqA + qc( u,t) 

For meson-baryon scattering 

M(s,t,u) = a M (u,t) + B M (s,t) 

M(u,t) -$ ; 
t 

u +oT 
t+cc . 

a and @ can be evaluated in the usual quark model. In particular we find 

that fi*p involves both ut and st amplitudes, while K+p and K-p are pure ut 

and st mplitudes, respectively. The calculations of the angular distribu- 

tion around woo are difficult when spins are included and nucleons am 

treated like 3 quarks. A simpler model ( 3) treated the nucleon as a 

bound state between a quark and a di-quark core of spin 1. The following 

distributions were found for ME scattering 

EM s -a 1+7. 
dt (3 R2b) 

z = cos 0 

with R (z) given in Table 2. 

Fig. 1 

Meson-meson scattering in the constituent Interchange Model 

t-channel exchange 

ii 

u-channel exchange 

x 
s-t interchange u-t interchange 
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,, zc of the built-in crossing properties the model can be trivially 

~:.d~~d to the annihilation channels BE *MM. 

,. xrension to BB scattering is harder but in general 

vhere J(z) and z(z) are slowly varying function8. Note that the power 

(17) is different from the value (10) obtained 'with the dimensional counting 

!‘ .: 1 ? s : this is due to the fact that the nucleon is treated as a quark- 

diq::ark bound state. 

'Table 2 

Angular distributions for meson-baryon SCatterinp; (3 ) 

R(Z) 

4a 

(1+ z)2 
+B 

48 
( 1+ z)' 

+a 

::+ . :, -K+p 
4a 

( 1+ 2)2 

II. Experimental data (with the eyes of a partonist) 

1. Survey of large angle g-body scattering 

The bulk of the cross section for exclusive 2+2 processes comes 

from forward and backward scattering when allowed quantum numbers can be 

exchanged. At large s the differential cross sections are very small near 

90' and good data are very scarce. Because of the rapidly falling CTOSS- 

section measurements at large angles,data only exist at low energies 

( ,f~?< 4.5 GeV) except for pp elastic scattering ( 6 < 8 GeV). 

Some examples of complete angular distributions are shown 

in Fig. 2 and 3. 

2. Fixed-angle behaviour. 

In the Ssme way that we have studied the fixed-t s dependence 

of differential cross section in the Regge regime (small t) we are led to 

investigate the fixed-angle s dependence to look for short distance behaviour 

and hadronic structure (Fig. 4). 

The 8* = 90" data are more often plotted and seem consistent 

with a power law fall off in s although better data is needed for meson- 

baryon scattering,(Fig. 5,6). It is only for pp Scattering where good data 

is available that a more detailed examination of fixed+* behaviour can be 

made and a universal power fall off SeetnS to hold (Fig. 7). A summary of 

experimental values for fixed angle S dependences is given in Table 3. 

3. Angular distributions r~ear 90'. 
da da By plotting the quantity z f ;ii ;* 

( 1 
= 9oo one can study the 

slope of the differential cross section at large angles. In general the 

rough character of the measurements only allows qualitative comparisons 

to predictions of the CIM. This is done in Fig. 8 for pp scattering and 
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Fig. 9 for n+p and K+p: there is qualitative agreement with the CIM. 

In general the slope of g near 90' seems to be strongly 

influenced by the t and u channels quantum numbers. When one channel is 

exotic (K-p, pp elastic scattering in the u channel) the distribution is 

very skewed at PO’ (see Fig. 2) while when both channels are non-exotic a 

plateau is seen. This will be discussed more later. 

Table 3 

aperimental values for fixed-angle s power fall-off. 

Reaction Plab rang= e* n 

tp -n+:p 3 - 10. w" 9.5 

n-p +n-P 6 - 10. 1, -0 

K+p +K+ p 1.5 - 5. 11 9.8 

CP-cy;oP 2.5 - 7.5 ,1 9.5 f 1.2 

rzop -+,+A0 
11 11 8.4 t 1.4 

i?p -r: .x0 I, 11 9.1% 1.4 

PP-CPP 7 - 30 38 - PO0 9.7 t 0.5 

y p -II+* 4 - 7.5 so" 7.3t .4 

Y P -LI[OP 4-5 
,I -6 

-+t 
YP-LflA 4-5 

11 -6 

-I (GeVd f.lUl 

Fig. 2 Hadronic elastic processes at 5 GeV from Ref. [4] 
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s channel can give rise to serious fluctuations in the s dependence. 

A possible example is: 

III. Discussion. 

1. A mow detailed look at the s dependence. 

Is it possible through the s dependence of the fixed angle 

g to determine the onset of the asymptotic regime controlled by the partons? 
do 

In Fig. 5 z 9oo 
0 

for pp scattering is shown down to - 1 GeV/c lab momentum: 

there is no strong departure from an average s 
-10 dependence in the l-24 

GeV/c range. This is also essentially the same for the other exotic reaction, 

K'p ( Fig. 6). Since around 2 &V/c the t-values at 90' are not large and 

belong to the "forward peak" describable by (Regge) exchanges and diffraction 

scattering, it leads us to (at least) two possibilities: (a) there is no 

evidence for a departure from the low energy behaviour and consequently the 

dynamics of exclusive scattering at large s, t is dominated by the same 

mechanisms controlling forward scattering;(b) the absence of transition 

means that parton scattering continues smoothly into the low t Regge scattering. 

The second possibility is the one advocated by the proponents of the C‘LM 

who have shown that the prton interchange amplitudes reggeize when moving 

away from the 90' region. The first alternative enjoys some popularity 
(6 ) elsewhere and has been discussed. 

A still more critical look at Fig. 5 reveals the existence of 

oscillations around the s -10 line which seems to persist up to the highest 

energy. In fact it may be their presence which clouded the issue some time 

ago about an asflptotic s-lo or s-l2 dependence (see Fig. 5). So,experi- 

mentally, when only a few points are available, it is hard to measure s 

dependence reliably (even in the average secse). 'Ihe situation is maybe 

worse for non-exotic channels where larger oscillatlcn ZPC fwlc-? ?.'; low-r 

energies (Fig. 10). It is also amilsing that narrow resonances in the 

FP 'GP at 4.1 GeV/c (Jr), and 6.3 GeV/c (Jr' ) 

2. = in angular distributions. 

Some well-measured processes (ex. $p at 5 GeV, Fig. 11) shou 

a rich structure in their angular distribution with very pronounced dips. 

This is of course in contrast with the smooth angular distributions expected 

from constituent scattering which,however, average the experimental data 

in a crude way (Fig. 12). At 10 GeV the n+p distribution seems structureless 

but this may be simply a reflection of the poor statistical parer of the 

data. 

It is interesting to see if the structures can be associated, 

as would be exPected at low t or 12, to well-defined t 01‘ u channel quantum 

number exchange. For example: 

2 (It = 0) = l/2 
[ 

g (n-p) + $ (x'p - s (flOn) ] 

g (It = 1) = l/2 g (rr"n) 

Such a decomposition shows that, in the 4-5 GeV/c range, most of the 

structure is contained in the I t = o exchange with seemingly fixed-t dips 

at -3 and -5 GeV*(Fig. 13). It would be very interesting to have accurate 

data at higher energies to see if the structures persist. 

3. Small-angle exotic channels and large-ar@e scattering. 

Some h&ironic reactions have t or u channel exotic quantum 

numbers and one may speculate that, in the absence of any strong Regge co- 

herent effect, tke scatterir.4 takes Place through constitiient scattering. 

In fact these processes 'zc I:nown experimentally to possess very rspid s 
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* Angular distributions for K'p -rK P and K-p *XT" L- (from Ref. 1423 ) 

For example, we have processes like n-p + @XI or 

up -+ep where a hr pair h&S to be present from the qs sea in the-nucleon. 

It leads to a fixed-angle behaviour in s -11 for yp -++p in contrast to 

sm7 for the "allowed" up -+ pop process. 

Some experimental confirmation of these predictions would be 

welcome information in order to understand the dymemics and the structure 

of large angle scattering. 

5. Future experiments 

The prospects for sharpening our understanding in exclusive 

processes at large angles look a bit gloomy. On one hand at low s one 

sees clearly non-parton features (structure in s dependence, in angular 

distributions) and higher s are required. However,data rates limit 

investigations at higher energy especially with mesons and 5 beams. It 
-8 is plain hard to follow for a long time a process which falls like s - 

s-1o . Nevertheless, a program is envisaged at CERN using very high in- 

tensity beams from the SFS which should push n-p scattering at 90' up 

to about 20 GeV/c incident momentum. 
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B. LARGE P, INCLUSIVE RMCTIONS 

I. Review of Experimental Data 

1. Survey. 

The interest in that field arose when the CCR g+roup working at 

the ISR(' ) reported large yields in the inclusive spectrum of x0 at large 

*T* "Large" was quite a subjective notion and referred to the extrapolation 

of the -ml1 PT exponential behaviour .- e -6 P T valid !up to about 1 GeV/c 

(Fig. 17). Since then a great deal more experimental facts have been 

accumulated at ISR and F'NAL. A summary of existing measurements is shown 

in 'I'able 5. 

It is worth noting that all experiments to date involve proton 

beams and, consequently, we are perhaps missing some very interesting pieces 

of information (protons have small < fraction). Also experiments at FNAL 

generally involve nuclear targets, an inconvenience (or maybe an advan- 

tage?) we will discuss later. Broadly spea?ring, experiments agree whenever 

an overlap can be found. 

10-30 

- 10-3' 
T 

t-8 
": 
2 

10-32 
(3 

"E 
2 to-33 

mb IF 
I "," 10-34 

pp-rO+anything 

..A (GeV) 

I 2 x lo-*5e-6h . 

Fig. 17 for pp +x0 + X from Ref.[9] at 9* = 90'. 
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Reaction 

pp -+?I0 + x 

Table 5 

Smmary of experiments on large PT inclusive data 

6 pT 
23.5-62.4 2.6 - 9. 

23.2-52.7 l.-5. 

23.4-63. 1.3-5. 

P-5 2.-4. 

9.8-27.4 0.2-3. 

19.4-27.3 0.8-7.6 

23.8 2:-5; 

8, Ref. 

3o,90 cm r91 

90 SS PO1 
40,6o,go ES WI 

g-21 CPHK PI 

elab= lOcar Fm P31 

n-96 (3 1141 

60-100 CT 1151 

2. PT dependence at fixed s 

For PT > 1.5 GeV/c the invariant cross sections fall much 

slower than an exponential (Fig. 18). For pions the transition region 

from exponential behaviour to power IBW behaviour is relatively narrow, 

* 'T - 1 Gev/c. The effect is equally visible on xf, no and K* data 

while it is more subtle on p and 5 inclusive distributions, presumably 

because of the flatter logarithmic slope below 1 GeV/c (6.3 for f and 

Kt compared to 4.0 for p*). Except for the fact that it is behaving like 

a power rather than an exponential, there seems to be no illuminating fom 

for the PT dependence. One a ?xiori interesting idea could be to use the 

transverse mass 

SIT = d PT2 + P 

although the curves for ~8, + K and p* tend to come together, their agree- 

ment in shape is not very good. 

3, s dependence at fixed P T 
3 

Whereas Feyoman scaling (i.e. E do independent of s, 
d's3 

at fixed 

PT) holds for PT < 1 GeV/c already at 6. = 10 GeV, this is not true at 

higher DT. Fig. 19 shows the strong energy dependence exhibited by the 
3 

invariant cross section: at P T = 4 GeV/c E ++ for pp -+x + x grows by 
d&' 

a factor 40 when ,/c increases from 20 to 60 GeV. We shall return for a 

more critical discussion later on. 

4. Looking for scaling laws 

Tarton models lead us to consider large PT inclusive reactions 

in terms of the variables PT and X and to look for scaling laws 

of the form 
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Fig. 18 li: $ for pp +n', K', pi * X at c3* = 90" as 

a function of F T from Ref. [12] 

,i?L p-n 
dP3 

T Fb+ Y) (1) 

where y is the lorgitudinal rapidity. We note that most experiments 

have provided data at xL = 0. 

The CCR data on pp +ITO+X is well represented by such a 

form (see Fig. 20) with n = 8.24 t .CB (t.7 systematics) and F(XT) = 

e- ( 13 t .3)x, 

intherange3<PT<9GeV/cand.1<xT<.4. The fit can be extended 

to lower PT by replacing (PT2)-" by (PT2 + m2)-" with m - 1 GeV. 

However the CP data on pp +i- + X cover a larger xT range 

up to 0.7 and are not represented by the CCR fit with n = 8. They rather 

fix xT and look for the &-dependence tiere the effective power is seen 

to increase to about 12 at large x T (Fig. 21).Optimisticaily the large 

xT region 0.3<xT< 0.7 shows approximate scaling with n ~11. 

The lack of a simple scaling law for the fullxT range forces 

(16 ) us to look at the data in a more global way, as emphasized by Cronin. 

In Fig. 22 the&-dependence of pp -*[zi) + X is examined for fixed PT 

and fixed xT with careful interpolation between the measurements. Any 

fixed PT cross section shows a sharp kinematic rise at threshold with some 

r- degree of flattening out at large vs. At the presently available energies 

( F< 60 GeV), Feyman scaling is obtained for PT< 2 GeV/c, a value 

already well ol?tside the e -6~ T peak. me conjecture made by Cronin is 

that the same behaviour will prevail for any FT with the invariant cross 

section approaching Feynmm scaling at large enough s. What is striking 

on such a plot is the absence of any indication for soae change in 
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Fig. 21 The effective power of the PT dependence for pp +X + X 

from Ref. r151 . 

behaviour going into the large PT region. Again, as we pointed out for 

exclusive scattering, the data exhibit a remarkable continuity and 

uniformity where one might have expected to see some sign of a transition. 

However,it does not mean that large PT dynamics is not dominated by hard 

scattering between constitnents and it is indeed r-kable that parton 

models like CM can accommodate these features rather well. 

Finally,the y dependence at large PT is rather flat for 

IYI < 1 as measured by the ES group. me FNI group (13) has advocated scaling 

in the radial variable xP, = m 
c 

and find a reasonable description of 

their pp-+n'+ X data using 

E.& 
dp3 

= fP,) &,I 

in the range 20< BE C150°, 9 C./i- < 27 GeV and 

.og'X R < .6 (this form coalesqes on expression (1) for y = 0). However, 

(11) there seems to be some disagreement with the E?S data. 

5. Particle fractions. 

A detailed measurement of the charged particles ratios has 

been made by the BS and CP groups. In general when PT increases, the 
+ 

dominance of the pions decreases. me ratio !!- increases strongly with 
IT+ + 

PT with little s dependence (Fig. 23): at PT = 1 GeV/c s-0.2 rising to 
'IT 

about 0.7 at 7 GeV/c. On the other hand,K- first rises for PT<3 GeV/c, 

then falls off. The fractions measured by the Bs group are shown in Fig. 24. 

This plot actually shows that the underlying dynamics might be changing 

amundP T - 1 GeV/c as it seem to be the scale for the decrease of the 

n' fractions and the rise of the K' and $ fractions. The behaviour at 
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larger PT is not very transparent with the p fraction again falling 

sharply. It is notable that everywhere in PT there are more n+ than 

x , as in large q2 electroproduction. Such an excess is usually under- 

stood in terms of quark structure. 

The process pp -*q + X has been recently measured by the 

CL% group (17) at~=52.7GeVand3<pT<6GeV/c. The shape of 

the q cross section is identical, within statistics; to that of the x0 

(Fig. 25) with a ratio % = 0.55 t 0.11 , with the error including 
* 

systematic effects. 

Thereforejthe trend at large PT corresponds to an increased 

im.Cortance of particles heavier than the pion. An attempt to understand 

these features at the qualitative level was made by Bjorken and Farrar (18 ) 

assuming the final hadrons originate from the decay of parent hadrons 

prodiiced W(3) symmetrically. The decays provide important SU(3) breaking 

(when integrating on PT) = 

Iz- -0.2 J-o.7 =, .04. 
K- ¶I0 

However,at large'(fixed)P,, because of the falling PT distributions of the I 
parents, the ratios will become larger 

K-1 _I;_ ,” 0.7 -9 6 - . 
x- K- no 

in good agreement with the experimental trend. Such a conclusion should, 

in principle, hold if the parents are partons and we expect to see such a 

trend in dynamical models. One disturbing fact seems to be the absence of 

@ production at large PT( 19) where z < .l for 2 < PT < 3 GeV/c. 

-26 

-36 

-38 

-40 

p+nucleon --r-or TV tonything 
~1~llll~llli 1111~“” 
97 6.8 11.4 23.7 44.6’ 63 4( 

1 II 

XL PL 

I i Ii!\Y y Blobel et al. 7 

2 3 4 5 6 
Pn 45 110.11 

Fig. 22 
3 

&? dependence of E q at fixed PT for pp -+A-, no + X from Ref. 1173 . 
dp' 
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6. Nuclear effects. 

&-no X 

Fig, 25 TT de~ndence of pp -*so+ X and + x from Ref. [183 

It is well-known that badronic total cross sections v& with 

213 the size of a nuclear target as A corresponding to strong absorption 

inside the nuclear sphere. Such a dependence comes about because of the 

large interaction strength between hadrons. Even in the case of large PT 

phenomena, ws are still in presence of strongly interacting particles in 

213 both initial and final states and one might expect also an A dependence. 

However,this is not true experimentally: the CP group has studied the A 

dependence of their data using Be, Ti and W targets at 300 GeV and G* = 9'. 

They fit their invariant cross section for n production with An and find 

that n rises smoothly from n- .@ at PT = .8 GeV/c to about 1.1 for 

PT > 3 GeV/c (Fig. 26). This is highly interesting and leads to at least 

2 questions: (1) What controls the rise from strong haironic behaviour 

at small PT to "weak" scattering at large PT with nz.17 (2) Why does n 

saturate at 1.1 rather than 1 (the plateau value is actually different for 

heavier particles - 1.2 for Ka and - 1.3 for p*)? 

These phenomena have been discussed by Farrar (20) . The 

argument goes as follows: As the incident proton passes through nuclear 

satter, the strength of the usualhadronic interaction is generated by 

the multiple interactions of wee pertons while the few hard Fartons 

giving rise to large PT phenomena are not shadowed (implicitly it is assumed 

that (hard) quarks interact weakly). Farnrr gives an estimate of the 

minimum momentum the quarks should have for complete transparence and it 

does agree qualitatively with the experimental data. A consequence of her 

reasoning is the fact that n should depend on p' only, but not on G* and 
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II. I%‘ 
.- 

nmsemological discussion in terms of constituents. 

1. Saac remarks. 

Although the large cross sections for pp -+h + X at large 

PT are suggestive of hadronic structure and hard scattering, it is true 

that we have failed to notice any dramatic threshold in PT in the in- 

clusive spectra. In fact there is a remarkable continuity in the 

phenomena between low and high PT, and the peculiar behatiour of large 

PT cross sections may still be a reflection of low PT dynsmics tith some 

kinematic suppression at low s. There are,however,2 distinct experimental 

effects pointing to a qualitative change: the particle ratios become 

more democratic for PT > l-2 GeV/c and large PT production on nuclear 

targets sees a transparent nucleus for PT > 2 GeV/c. 

Bolstered by these facts and the relative success of scaling 

laws (although not simple), we proceed to briefly discuss constituent 

models. 

2. Counting laws for inclusive scattering 

We appeal to the usual constitu;nt scattering 

A 

where we count the number n of "active" fields participating in the large The fragmentation functions are given by the counting rules;i.e. 

PT collision and the number p of "passive" fields. 

n=n,+ s, + nc + nd 

p=n +n +n 
;;A bB cc 

Blankenbecler and Brodsky (21) derive the following scaling behaviour for 

a given subprocess a b -cc d 

(2) & 
dp3 

(AB -cx) 

with N = 2(n-2) 

F=2p-1 

The exponent F measures the 

by the spectator fragments. 

Deep inelastic 

with the subprocess e4 -'eq 

large . 

-P T-N ( l- x)F f(e*) 

P x = l- - 6 

(at 8" = 90" x = XT) 

amount of available phase space taken away 

lepton scattering is included in these rules 

(n&) and p = 2 giving v W2 - (1 - r) 3 for 

Let us define the fragmentation probability of a hadron A into 

a fragment a 

GalA (x) 2g ,x= q 

PL 

with transverse momenta integrated upon. Then 

d30 
ET 

dp 
a,A (X,) G.qB (x,) E $ tab -CX) 

The hard process ab *cX occurs at a reduced energy s z Xa Xb s. 
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al-&-l 

and expression (2) is derived. 

3. What subprocesses are important? 

(a) 99-'99 

This was the u~ch&sm first sug&?sted by BBK (22) and it 

predicts a PT -4 dependence of the inclusive distribu-Lions which is not 

observed in the data. 

(b) qM-'qMandqq+3; 

It was conjectured by BBG (23) that this is the dominant sub- 

process for pp -111X. In fact G n,p- (1 - x)~, Gdp-(1 - x)3 and Qn w 

( 1 - x) resulting in a fixed angle behatiour- P T-8 ( i - X) 9. This 

is close to the CCR fit- PT -8( 1 - x)'l; however, it fails, as we lmve 

shown for larger x where the falloff in PT is faster. 

Cc) 9 (94) +MB and qB. 

These processes give a dependence PT -=(l - x)5 to pp+nX and, 

although they fall faster in P T, will dominate over reactions (b) at 

large 37. 

Forcing even more quark fields to participate in the hard 

collision will result in a faster PT decrease (PT 
-16 , etc) with well- 

defined x dependences. For example we expect tine following form valid 

for pp +nX (with mir!imal F) 

leading to a limiting PT -8 behavior at fixed X. 

4. What happened to (19 -fqq ? 

It is puzzling at first that the simplest possible subprocess 

did not shcw up experimentally. After all, this is the most natural choice 

for a hard collision to occur, keeping in mind the parton ideas issued from 

deep inelastic electron scattering. It is not experimentally excluded that 

aP -4 
T dependence will not show up at larger PT (cvm excluding electro- 

magnetic or weak scattering). 

It may also be that pp +rrX is too "exclusive" still with no 

otter large PT hadmns accompanying the s and that a better chance to 

isolate a P -4 
T term is to consider the large PT production of a group of 

particles (jet?) as could be observed in calorimeter. 

Another possibility is that the quark-gluon COUpliIlg constant 

becomes very small at short distances as happens in some renomalizable 

field theories (soft processes involve multiple interactions and generate 

usual B interactions). Such a property would allow perturhative 

methods, but its very existence is not easily understood. 
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C. Direct Lepton Production In Hadronic Reactions 

I. Data 

1. Sin& @ inclusive production. 

The direct lepton production in hadronic reactions is defined 

as the prompt production, as opposed to secondary sources fmm long-lived 

hadrons (no -y e+e-, K -t xV,(n,K) -'II V etc...). The experimental prob- 

lems for muon or electron detection are rather different: for p' the back- 

ground comes for K and fi decays which can be overcome by absorption and 

varying the distance between target-absorber (Fig. 27). For e* a trans- 

versally thin target is reqJir.ed and the radiation length seen by the 

electrons should be varied to extrapolate to the prompt signal (Fig. 28) 

because of 7 conversion but the extrapolated value should also be corrected 

for II' Dalitz decays bith the no spectrum usually deduced from the con- 

verted 7 spectrum. 

The published data and their kinematic range are shown in 

Table (6). A sample of experimental data is shown in Fig. 29, 30, and 

31, for the PT dependence of the lepton yield. Let us sunarise the 

experimental situation. 

(a). the PT distribution is smooth up to PT - 5 GeV indicating 

that a low-PT produced source with a 2-body decay is very unlikely. Such 
M a source of mass M would give a peak at PT - 5. Kowever,the folding of 

the primary PT distribution and the decay kinematics would probably smear 

out such a contribution. 

(b) p-e universality and charge symmetry seem to hold, except for 

the CCPS data which indicate a small excess of e- over e+ for 

3.0 

* 2.0 
0 

E 
-2.J.O 

C 

40 GeV/c p.- 

I I 

Distance from Target ( meters) 

Fig. 27 Experimental method for pp -+&X ( n absorption) from Ref. 1241 
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Fig. 31 pT depende~~~e 0f pp- e*x at different s V~~LES from ~ef. [271 

I I I I I I 

-1.5x10-4 

Electrons 
PlOWT 

i 

-1 x10-4 I i 
-o.5x1o-4 

cCRS 

I I 
10 20 

E(GeV) 
I I 

30 40 50 60 >s,,rn 

Fig. 32 s dependence of% ratio in pp collisions from Ref [ 27 ] 
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1.3 < PT < 1.6 &V/C (asymmetry is -.I2 t .d+). However the effect is 

not firmly established and could still have its origin in the back- 

ground. 

(cl in all the published experiments, the shape of the inclusive 

invariant cross sections when plotted against PT are the same for 

leptons and pions with a normalization ratio 

-e. - - 10 -4 
x 

(d) no strong kinematic dependence of that ratio is seen in the 

published data. From$- of - 10 to 53 GeV and PT < 5 GeV/c, the lepton 

yield scales with the pion yield. It is true,however,that the published 

data at lower &- and small PT are obtained in a more indirect way 

and therefore more conclusive measurements are needed. ?here is much 

confusion among experiments giving preliminary results about the &? 

dependence in the 4 - 12 GeV range. Some experiments find that 

c -4 
- - 10 is still the rule while some others see a clear rise from n 
10-5 to 10-4 III the range 5 - 20 GeV (see Table 6 and Fig. 2). This 

needs to be clarified very badly since it can offer a decisive clue as 

to the nature of the lepton production processes - whether or not the 

phenomenon is characterized by a threshold. 

(e) the ratio : appears to be independent of the size of the 

nuclear target. This is particularly interesting since we have seen 

that fi production has a rather mysterious A dependence. The ratio 

E - 10 
-4 

seems to hold in Be, Cu, W and Pb (30) 
rc . It seems to suggest a 

rather similar production mechanism for pions and leptons. 

(f) several experiments (28) have looked at the polarization of 

the produced muons and have found no effect different than expectation 

from II and K weak decays. 

(g) the CCPS group has observed, within a reduced solid angle, 

the particles produced in the opposite direction to that of a large 

PT electron. They compare the particle fractions to those observed 

with a large P T B' also measured (by y conversion) in the same 

apparatus. They quote the ratios 

n/K/p = 
671413 for et 
7201 53/53 for I’ 

There is no significant. difference, at this stage, in the final 

states occuring in large PT lepton or pion production. 

2. $+I- pair production. 

In order to sort out electromagnetic lepton production 

from single lepton sources, as in the decay of a charmed particle, it 

is important to measure produced lepton pairs. The experimental situation 

to date is 6 umnarized in Table (2) and has the following properties 

(a) there is a very steeply falling continuum of lepton 

c- of lepton pair masses Q as seen in Fig. 33, 

(b) experiments with sufficient resolution see resonance 

production superimposed to the steep spectrum at the p and the w (Fig. 

34). The Jr -& +&- is a large signal which dominates the back- 

ground. One could expect the $ channel to enhance the continuum of 

electromagnetic production, therefore,it is of interest to study the 

properties of its productien.' 



1 

f 

f 
. 

i 

1 
I 

Fig. 33 

Fig. 34 

~'1~ mss spectrum in n~e collisions from Ref. [31 

yield of ~':II- pairs as a function of mass (Y not subtracted oJt) 

from Ref. [PI 
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. . 

(c) it is interesting to see if Jr production,as seen in nucleon- 

nuqleon collisions,is an electromagnetic process. To get some idea 

we can canpare the signal-to-background ratio observed in NN +$ X 
t-a+&- 

and e+ e-v -+&'~- hoping for a similar behaviour in the case of eleotro- 

magnetic ) production: e+ JI 
w 

L L- 
- Rhadronic 

If we compwe the above ratios in a 10 MeV mass bin 

centered at the $ and take into account the different experimental 

resolutions,we get Re m - 10 while sationic - 200 both . . 
in the MIT-BNL and FNAL experiments. Therefore, 

there seems to be good evidence of strong Jr production,i.e. not 

mediated by an intermediate virtual photon. 

(d) the Jr is produced at FNAL energies with a relatively weak 

PT dependence- e -2pT2 or even flatter. In comparison the p has a more 

usual distribution e -6~~2. The MIT-BNL data is consistent with this 

behatiour with e -L'6'? (Fig. 35). 

(e) The neutron beam experiment at FNf& observes a rise of the 

p pair cross section below the p. Such an indication would point to 

an electromagnetic production mode; however,at low mass (small opening 

angle) the vertex of the event cannot be precisely located because of 

multiple scattering and therefore backgrounds can be expected. 

II. How can we interpret the data ? 

It may be that leptons are produced in a variety of ways 

in hadronic collisions, however we will be looking for a dominant source 

first, as a more interesting possibility. We will therefore examine 

the sources which are likely candidates in order of increasing specula- 

tion. 

1. Leptonic decays of strange particles. 

Since all the experiments are performed with spectrometers, 

there could be a trivial source in the decays of K', K)h', C. These 

contributions have been looked at by tine CCPS groups assuming hyperon pro; 

duction is as frequent as pion production. 
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The hyperon contribution is completely negligible while the kaon decays 

could contribute at the 10% level (Fig. 36). 

2. Leptonic decays of "old" vector mesons. 

p O, (U and 0 are known to decay into &'a- with branching ratios of 

6 10w5, 8 LOS5 and 3 10 
-4 respectively. There is therefore a possibility 

of obtaining a significant contribution. However p and w yield pions 
8 in their decays and therefore provide a bound on the ratio ; if all the 

c pions at large PT come from p and (!J decays (a nice feature is that ; 

would be - PT independent). This bound results in 

4.+ 
0 7 < 4.6 10-~ 

PG 

It is therefore impossible to explain the data with p and a, decays 

alone even if all the IT come from their decay. In real life, of course, 

the contribution should be smaller since we expect many other sources of 

n. It should be pointed out, however, that our treatment of the o 

contribution is not quite correct since because of the 3n decay mode, the 

(0 yields more large P T electrons than pions. Detailed calculations are 

necessary to clarify this point. 

@ decays could afford e nice solution to this problem since 

0 +$+I- is large and hadronic 0 decays do not involve pions too frequently. 

But we expect # production to be somewhat suppressed, o (m) - E o (p), so 

that 
t+ 

( ) 

< 1.4x~o -4 . 
T 
x PGr @ 

3 + .2E 

The bound would reach 10 -4 for E > 0.5. Experimentally 6 production has 

been Looked for and the most sensitive search has been made by the CF group 

at FOAL. !Phey quote limits ('35% CL) on the t ratio 
lx- 

h&k, -e e* 

l CCRS Experimenl 
W I 52.7 GeV 

p: (GeVk) 

Fig. 36 

Electron production from weak decays of hadrons (Ref. [271) 
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ranging from .06 at PT = 2.5 GeV/c to .lO at PT = 3.3 GeV and for 

JFT =23~ev. 

Having ruled out p, (u, m as the single source of leptons, 

it would be good to estimate how much their contribution really mounts 

to. To answer that we need to know the fraction $ at large PT, a 

number not yet available experimentally. At lower energies (36 1 the 

fraction z has been seen to increase sharply between PT - o and - 1.4 

&V/c in the central plateau (Fig. 37). In the absence of a measiu‘e- 
4 ment in the relevant kinematic region, it is fair to say that ; 

0 
from 

p and u decays is probably less than - 2 10 -=, leaving the bulk of the 

signal to be explained by other sources. 

3. 4 , $' leptonic decays. 

Jr may not be strongly produced in hadron-hadron collisions 

but its large decay fraction into I+&- (7 10A2) makes it an interesting 

source for producing ,??&- pairs. On the other hand we don't expect 6' to 

contribute mxh because its &'t- rate is 10 times smaller. For $ pro- 

duced at low PT one expects a bump in the lepton PT distribution at 

1.5 GeV/c, this bump getting wider and wider fbr a flatter PT 

dependence of the primary Jr. This is illustrated in Fig. 3 from the 

CCRS experiment which also observes \Ir +d'e-. If Q are produced with 

a large < PT>, they could provide the right order of magnitude for 

PT > 1.8 GeV)c; howeve?,the shape would be wrong. With the PT 

distribution as observed in the MIT-BNL and FNAL experiment, one would 

conclude that Jr contribution is at the 2@ level for P T > 1.5 G&'/c 

and negligible below. 

22 GeV/c n+ p 

4+ + 
t+ + 

I I I 
0.5 1.0 I.? 

e I I , 
05 113 

p; (G&//c 1’ ,,I,.27 

6 6Mc dp 

Fig. 37 

ff ratio in n+p collisions at 6 and 22 Ge’J from hf. %I 
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Fig. 39 

p+p- mass spectrum [31] (with Y subtracted out) compared with 

Drell-Yan calculation of Ref. [203 

2QZ F,=---, ei charge of parton i ; x and x are the fractions of 
s 

longitudinal momentum carried away by q and 4. This leads to 

and the magnitude is determined by the fragmentation functions. For 

NN collisions we have to extract < from the sea giving * (1 -x ) 7 

while it is - (1 - x)3 for q. Original calculations were I to 2 orders 

of magnitude below the Columbia data. However using more recent parton 

distributions and correcting the data for ii - dependent effects and the 

presence of unresolved Jr, leads to a rather good agreement (20) 

(see Fig. 39). However, if quarks are SU(3) colored, the curve comes 

down by a factor of 3 and the agreement is not so good anymore. 

(b) Contribution of massive pairs to-k* spectrum. 

By integration one can compute the inclusive ?? spectrum from 

massive ?,+X- paris. Transverse momentum is generated by the decay of 

the large mass photon. Calculations show that the resulting spectrum is 

falling too slowly with PT and that furthermore the yield is much smaller 

than the observed yield: the ratio to eqeriment is 10 -2 at PT -2 &V/C 

improving I;" 0.3 at PT -5 GeV/c. 

(c) Corrections to the Drell-van process. 

We have therefore 2 problems if one insists on a I.epton sowce 

from q< annihilation in &+I,-. First the rate is too low and second the 

shape in PT comes out wrong if only massive pairs are used to generate 

the spectrum. Trivially one can modif'y rhe PT iisI:rlbution if 03" gives 

some transverse momentiun to the quark and the antiquark, instead of con- 

sidering only longitudinal partons. (39) Such transverse momentum dependence 

exists in the work of BBC (LO) but was always integrated upon to yield 
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the fragmentation functions dependent on X only. Keeping the 

differential functions G(x, s) one has to calculate 

yielding upon k, integration a (& dependence 
_L 

L -1 

For PT of the lepton Q* we get a distribution in - PT -8 which looks 

like the I[ distribution. 

However the rate problem is still with us since the integrated 

Drell-Yan is 1 to 2 orders of magnitude too small. One possible enhance- 

ment of the q< annihilation rate has been proposed by Bjorken and Weisberg (41) 

who give estimates. They remark that besides the e partons responsible 

for massive I+&- pairs, one has to take into account the presence of wee - 

partons leading to low-mass pairs (with large transverse momentum). To 

estimate the enhancement factor, one needs to know the density of produced 

partons and antipartons during the collision and this density is simply 

related to the multiplicity of produced pions (per unit of rapidity). 

With m - 
dy 

2.5, the rate is (5)* bigger putting the &+&- production 

essentially (within a factor of 2 OT so) in agreement with the single 
It The mechanism also does not seem to violate the ;; - 10 

-4 
lepton yield. 

constancy rule since low mass t'&- and meson production at large PT could 

reasonably involve the ssme dynamics. Also the low mass cross section needed 

g," 8 1.0-3~ -F cm2/GeV at\lQ = 0.5 GeV still does 

CCB Enits ( < 8 10-30). 

not violate the 

5 - Decays of new particles. 

Of particular interest is the production of charmed particles 

with weak leptonic and semi leptonic decays. Such a possibility will 

probably have to wait for the low&- situation to settle. However 

the constancy of I, ; in that case is not particularly obvious. 

Our understanding of that field requires clarification of 

the low s region and experiments with mesons to t@st the relevance of 

the Drell-Yan mecanism (ratio with mesons or 5 are typically 1 order of 

magnitude higher due to the larger 6 fraction). Next the final state 

associated with at+&- pair will have to be examined (if PT from the 

parton is necessary it must be balanced in the fragmentation region). 

. 
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THE NEW SPECTROSCOPY 
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Rehovot, Israel 

followed by: 

u+ + pk + neutrals ; e+ + neutrals. 

Other events, involving p+p- , were discovered ear’lier (“) in the Fermi 

Laboratory. They apparently emerge from the process 

u + N + p- + y + anything 

followed by: 

y + p+ + anything. 

I. Introduction 

The discovery'1'2) of the +-particle at 3.1 GeV has opened an 

exciting new chapter in hadron spectroscopy. It was followed, ten days 

later, by the discovery(3) of the Ji’ at 3.7 GeV. A third (and much 

wider) bump at 4.1 GeV was announced two months later. (4) We will refer 

toitas $0’. A fourth (presumably narrow) state PC was found(‘) in 

the process: $’ + y + PC , followed by PC -c y + Ji. A fifth and, poss- 

ibly, sixth state x were discovered(6) in $I’ + y + x followed by 

x + 4n,6a,as,Kt etc. A seventh state x was foun d’)in*+y+x. 

followed by x + yy,pp and an eighth state (8) JI,t, seems to exist at 

4.45 GeV. 

f9) In the meantime, a new threshold was discovered. m e+e- collisions 

around W = 4 BeV (Figure 1). This threshold is presumably related to 

several possible new particles, hadrons and/or leptons, which are prod- 

uced in pairs above it. Several e+-ui events have been observed at 

SPEAR,(l’) presumably reflecting a process of the type: 

e+ + e- + u+ + u- 
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Figure 1: R=o(e+e-+hadrons)/o(e+e-+p+!.i-) as a function of energy. 

The mysterious U and y particles may or may not be related to each 

other and/or to the $-particles. 

All of these developments as well as several other tantalirin; 

experimental hints, (“I have occurred during a period of less than 

nine months. It has been one of the most exciting periods in the 

recent history of physics, and the excitement promises to continue at 

least until some of the open questions raised by the new particles are 

settled. 

In the present set of lectures we will try to summarize those 

aspects of the new spectroscopy which we find most important and in- 

teresting. The subject has already grown to such an extent, that any 

attempt at completeness is doomed to failure. Cur review will therefore 

be incomplete as well as biased by personal tastes and opinions. 

II. Are the $-particles hadrons? 

Several indications convince us that the $-particles participate 

in interactions which are substantially stronger than the electromag- 

netic or the weak interactions. Among the known interactions, only the 

usual strong interactions which are experienced by all hadrons, answer 

this description. We must therefore conclude that either the $-particles 

are hadrons, or they possess an entirely new type of interaction whose 

strength is somewhere between that of electromagnetism and the usual 

strong interaction. While the couplings of some of the Jl’s to some 

hadrons are weaker than normal hadronic couplings, we see no compelling 

reason to believe that an entirely new interaction is present. s 

therefore believe that the $-particles are hadrons. 

There are at least five pieces of evidence that support (but do 

not prove) this conclusion: 
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(i) The $P-ssate at 4100 MeV (4) and the new state Q”’ at 4450 

MeV@) have widths of the order of SO-200 MeV or so. This is clearly 

a typical hadronic width, and it is inconceivable that it could result 

from an electromagnetic or weak interaction. This convinces us that 

$‘I and $‘I’ are hadrons.’ We should keep in mind, however, that the $‘I 

region is far from being understood and it may yet show additional 

features, structure, etc. We must also remember that it is possible 

(but not likely) that the wide I#” and I$“’ are hadrons while the 

narrow I) and $’ are not. 

(ii) The direct hadronic decays of J, seem to conserve G-parity. (13) 

In order to see this we first have to separate the hadronic decays of J, 

to those which proceed via an intermediate photon (Figure 2a) and 

those which are “direct” decay (Figure 2b). (14) The second order 

electromagnetic decays (I# -t y -+ hadrons) can be estimated, using the 

approximate relation: 

r($ -b Y + x) 
r(*+!J+v- 1 

I 
o(e+e- + x) 

u(e+e- -+ u+u,‘) wI3 BeV 

where x is any given hadronic state. Experimentally, all J, decay 

rates into an even number of pions are consistent with the above 

relation. (13) They presumably proceed via an intermediate photon. On 

the other hand, decays into odd number of pions such as: 

J, + T1+71-Tr” (including pn) 

+ + - - 0 
*+iTlTlTTI?I (including ~~71 and pnnrr) 

JI + 3n+ + 3n- + Ilo 

$ + 4n+ + 4*- + no 

are much stronger(13) than the estimated electromagnetic rate. We may 

therefore conclude that the direct hadronic decays of $ -c pions 

(Figure 2b) conserve G-parity. 

Among the known interactions, only the strung interactions conserve 

G-parity. Hence, we are led again to believe that JI is a hadron. We 

must remember, however, that new G-conserving interactions cannot be 

ruled out. 

(iii) The cross section fore-photoproduction has now been measured 

in several laboratories. (15-17) If we assume that the photon first 

converts into a $, which then scatters off the proton (Figure 3) we 

find(14) 

If we further assume that 9-photoproduction is predominantly a diffrac- 

tive process (at least near t Q, 0) we obtain, using the optical theorem: 

$ (VP + Jlp),,, a r(J1 + e+e-) Iqot(+p)J2 
mW 

Using the experimental @ mass and width as well as the measured forward 

photoproduction cross section 05,16) , we obtain values such as: 

utotpl)~) 2, 1 mb 

Such a cross section, while substantially smaller than utotQp) % 25mb 

or Utot (@P) % 12 mb, is still too large for an electromagnetic or weak 

process, and it provides us with yet another indication that $ (and 

tJ’ which has a comparable photoproduction cross section) (16) is a 

hadron. 

The above argument is, however, somewhat circular. If $ were not 

a hadron, the vector dominance hypothesis (Figure 3) would be invalid, 

and we would not be able to deduce o tot($p). Furthermore, it is 
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Fig. 2: $I decays into hadrons: (a) via an intermediate photon; 

(b) directly. 

Fig. 3: Photoproduction of $ is assumed to proceed by vector 

dominance. 

sobering to i-member that while o(up + I@) % 2Onb (within a factor 2) 

the Compton cross section o(vp + yp) Q 100 nb (within factor 2). The 

photon is not a hadron, but it is produced more copiously than $I in 

yp collisions! 

We therefore conclude that photoproduction data is perfectly 

consistent with a hadronic nature for J, and I#’ but it cannot prove 

it. 

(iv) We do not know whether the $-particles are bound states of 

a fermion and an antifermion. However, if they are, it is clear that 

the interaction which binds them is much stronger than electromagnetism. 

This can be seen in three ways, all closely related to each other. 

First, we simply refer to the Thannonium” calculations (18) in 

which $ and $J’ are assumed to be quark-antiquark states and the 

effective coupling constant is found to be us ?r l/5 rather than 

a % l/137. 

Second, we simply note that: (“) 

r(p + e’e-) = 6.5 keV; P(w -+ e+e-) = 0.7 keV; l’($ + e+e-) = 1.3 keV 

r(~, + e’e-) = 4.8 keV; r(+’ -t e’e-) = 2.2 keV; r($” + e+e-) ?r 4 keV 

It is very hard to see how vector particles with completely different 

types of binding and different interactions would have similar leptonic 

widths. (Note also the similarity between the J, and $I’ leptonic 

widths on one hand, and IJJ” on the other; it is hard to claim that they 

are unrelated to each other). 

Finally, we could simply assume that J, is a state of “leptoniumn, 

namely--an electromagnetically bound state of two pointlike charged 
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particIes. We then find that r($ + e’e-) would have been smalIer than 

?he observed value by several orders of magnitude. 

(v) The existence of eight possible particles in the $-family, 

including states of opposite charge conjugation (5,697) and different 

spin-parity(6) makes it extremely unlikely that the $ and JI’ are 

fondamental elementary vector particles with no strong interactions. 

The above five arguments (involving the $‘I total width, G- 

conservation in JI decay, Q-photoproduction, $ leptonic width, and 

the richness of the + spectrum)all point in the same direction: the 

$+particles are hadrons. However, no one of these arguments is 

completely conclusive. and we should remember that other options are 

not entirely ruled out. 

III. Are the y-particles related to the threshold in R? - 

A brief glance (Figure 1) at the energy dependence (8) of the 

quantity: 

R = o(e+e‘ + hadrons) 

u(e+e- + p*u- ) 

reveals a clear “step“ around W = 4 GeV, presumably indicating a threshold 

for the production of new particles. The proximity of this “threshold” 

to the $-particles suggests that the two phenomena are probably related, 

In fact, a typical bound system is likely to show several narrow bound 

state levels followed by a continuum of unbound states. On the other 

hand, the rise in R could be due to phenomena which are not directly 

related to the y-states. The rise in R could be due, for instance, to 

the production of several new heavy leptons. As we have emphasized in 

the previous section, such leptons could not possibly create the $-states. 

in such a case the rise in R would be ilnrelated to the $-states. 

It is therefore interesting to ask whether we can make any general 

statement on the connection between R and the $-spectrum. We know 

that in hadron physics, we often find a cross section or an amplitude 

which show several clear resonances, followed by less pronounced 

oscillations which finalIy merge into a continuous smooth curve 

(Figure 4). The duality property of the strong interactions tells us 

that the area under the resonance curve is always comparable to the 

area under a reasonable power law extrapolation of the smooth part of 

the curve. 

An analysis of the $-states along similar lines,leads to an 

interesting result. cm We first quote the following relevant experiment- 

al facts: 

o(e+e- + hadrons) dW Q 11 nb X GeV 

JI peak 

I 
u(e'e- + hadrons) dW % 4 nb x GeV 

JI’ peak 

If we now "spread" these integrated cross sections over the range 

between W = 2.5 BeV and W = 4 BeV, we find an averago cross section 

of 10 nb. This is comparable to the rise in R around W = 4 BeV. We 

could, of course, "spread " the $-excitation cross sections over a some- 

what narrower or wider energy range, but the qualitative result would 

remain the same (up to a factor of two, or so). 

The lesson of this exercise is, presumably, that the $-particles 

are related to the sudden rise in R. The new particles which are 

allegedly produced above the new threshold are associated with the new 

fennions which are bound in the $-particles. 

The above argument is qualitative. It is far from being conclusive 

in any way. It is entirely possible that J-JELL of the rise in R (SSY, 
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“: 

Fig. 4: Schematic presentation of a duality relation between resonance 

and background. 

one unit) is due to new leptons 00) or other particles which are 

unrelated to the q-states. Our only purpose in discussing this “quasi- 

duality” relation is to suggest that it is extremely unlikely that the 

entire “step” in R is unrelated to the $-particles. 

IV. Why is JI narrow? 

Both J, and JI’ are narrower than “normal” hadrons, by three 

orders of magnitude. Why? 

The simplest explanation would be to assume that J, possesses a 

new quantum number, which is not shared by any of the previously dis- 

covered hadrons. (14) Since JI couples directly to the photon, the 

electromagnetic current must, at least, have a component which possesses 

the same new quantum number. Assuming C-invariance, it is then clear 

that the new quantum number cannot be additive. It can be multiplica- 

tive (like Parity, Charge Conjugation. G-parity, etc.) or it could be 

subject to vector addition (like spin, isospin. SU(3), etc.). All such 

nonadditive quantum numbers lead to the same “&ipt”: 

(i) $ is the lowest state with the new quantum number. Its decay 

into hadrons is forbidden by the new conservation law. It decays only 

by emitting a photon (thus “losing” the new quantum number). 

(ii) The $’ and $1’ are heavier states possessing the same new 

quantum number. They can decay into JI by an ordinary strong trans- 

ition. The narrow width of $’ must therefore be due to a different 

mechanism than the narrow $-width. 

(iii) The rise in R around W = 4 GeV is due to the threshold 

for producing many new hadronic final states possessing the same new 

quantum number. All of these states may decay strongly to JI. $’ or 

other particles of the same “family”, but eventually the new quantum 

number is “lost” by radiating a photon. 
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The most popular model in which the W-particles are given such a 

new quantum number is the Han-Nambu "color" model. (23) We discuss this 

in the next section. However, all models in which il, has a new non- 

additive quantum number must follow the above reasoning. They all 

suffer from two major experimental difficulties: 

(a) Several purely hadronic decay modes of $ have been clearly 

established.(13' These includes W~I+TI- , pp , K*K-r+n- , K*K , PlI 3 

nn , etc. It is true that none of these modes represents a substantial 

branching ratio, but all of them are clearly found, and cannot be 

accounted for by a second order electromagnetic transition (Figure 2b). 

The existence of these modes and the probable existence of similar decays, 

indicate that the new quantum number is not exactly conserved by the 

strong interaction. The violation is of order E % 10 
-3 , relative to 

the normal strength of the strong interactions, but it is definitely 

present. 

(b) It is experimentally clear(24) that Q" does not decay mostly 

into JI or $' . It is equally clear (24) that there are few J, or I$' 

in the final states of e+ + e- + hadrons at W > 4 BeV. This contradicts 

the simple notion that a11 excited states which possess the new quantum 

number,should eventually decay to the lowest lying state with the same 

property. It is, however, possible (but not 1ikely)that some other 

particle (say, with Jp = O-) is the lowest state which has the new 

quantum number,(') and that both $I" and the W > 4 GeV final states 

decay into it most of the time. A better understanding of the + 

spectrum will clarify this issue. 

On the basis of these and other difficulties, we believe that $ 

does not possess a new non-additive quantum number (whether Han-Nambu 

color(Z3) or any other multiplicative or non-Abelian property). We will 

make a few additional remarks concerning color models in the next section, 

but in the meantime we must return to the question: Why is J, narrow? 

The most popular answer is to refer to a dynamical mechanism which 

is known to operate in the case of the $-mesons. According to this 

mechanism which is usually referred to as the "Zweig-Iizuka rule", (25) 

J, is a bound state of a new type or types of quarks which do not exist 

in the usual hadrons. w-decays can proceed only via quark diagrams such 

as Figure 5, and those are strongly suppressed. (14) There is ample 

experimental evidence for the validity of this empirical rule: 

I-(i) + 3n) << r(w + 3rr) 

u (TN +$N) << o(nN -c d) 

2 2 
gc$NN <' gwNN 

o(pp + PP@) << O(PP + PPW) 

while 

g;KK Q g:KK 

o(K-p + @A) 'L o(K‘p -+ wn), etc. 

The problem with JI is that the suppression of its decay is 

significantly stronger than the one observed in $-decay. This has been 

explained qualitatively within the framework of an asymptotically free 

gauge theory of colored quarks and gluons. W3) In our opinion, this 

question is far from settled, and the dynamic understanding of the 

Zweig-Iizuka (ZI) rule(2" 1s still an important open problem. 

We will accept, however, the qualitative assertion that the 

narrow width of the $ is due to a dynamical suppression based on the 

ZI rule, rather than the presence of a new quantum number possessed by 

the 3). 
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Fig. 5: Quark diagram for J, decay into ordinary meson. 

v. Are the Q-particles "colored" Han-Nambu mesons? 

The most attractive model based on the assumptions that the 

$-particles possess a new nonadditive quantum number is the one according 

to which the JI and J1' belong to a color octet, while the quarks carry 

the Han-Nambu (integer) charge assignments. (23) 

In the limit of an exact SU(3)color symmetry of the strong inter- 

actions, the electromagnetic current transforzsunder SU(3) X SIJ(3) 

according to 

J e.m. = (8,l) + (198) 

The first piece is the usual SU(3)-octet term which carries no color. 

The second term is an ordinary SU(3) singlet but a color octet. It 

is this term which couples to the $-particles. (14) 

The most reasonable assignments (26) for the Q-particles in the 

Han-Nambu color scheme would be to identify $I as wc and w' as 

$c ' 
where wc and 4c are states belonging to a color octet, but 

transforming under ordinary SU(3j like w and $. In such a model 

J, is narrow because it is the lowest lying colored state while yJ'> 

decays into $(I#' + Jma, JI' + $111) are suppressed bythl ZI rule. 

The difficulties of such a model include the two major difficulties 

mentioned in the previous section (observed direct hadronic decays of 

$I and absence of $'s in final states above W = 4 GeV). Other diff- 

iculties are: 

(i) A reasonable estimate of the radiative decay width of $I 

(or $I') yields numbers which are substantially larger than the observed 

width. This may possibly be adjusted by introducing form factors (1). 

(ii] I#' decays should include a large percentage of K-mesons, 

since I#' is made out of strange quarks. No such effect is seen. 
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(iii) Above the color threshold the model predicts R = 4, compared 

with the experimental R ?I 5 (New leptons are needed?) 

(iv) No explanation is offerred for the eeui events at SPEAR (but, 

again, we may have new leptons). 

(v) Every vector state is predicted to be accompanied by a pseudo- 

scalar state, but no C = +I, P = (-l]J states are expected between ii, 

and $‘. The recently discovered(6) x(3410) seems to have a rr or 

d decay mode, indicating P = (-l)J. 

There are several other drawbacks of this scheme, but we feel 

that the crucial difficulties are the same two which are common to all 

such models and which we have discussed in the previous section. We 

assign special importance to these difficulties because they are the two 

most fundamental aspects of all such schemes. The predicted absence of 

hadronic $-decays and the $-dominated decays of higher colored state are 

the two crucial tests of color conservation, and they both seem to fail. 

One may introduce, of course, broken color schemes, (27) but we find these 

to be considerably less attractive. 

Our conclusion is, therefore, that models assigning color to the 

$-particles are probably inadequate. We will not discuss them any 

further in these notes. 

VI. Are the $-particles bound states of new quarks? 

In Section IV we have already referred to the idea that the $- 

states are bound states of a new quark and a new antiquark, and their 

narrow width is due to the suppression suggested by the 21 rule. 

We shall now introduce the general qualitative picture correspond- 

ing to this idea. We have three ‘Iold” and “light” quarks denoted by u, 

d, s. They come in three colors but the electromagnetic cxrent does 

not carry any color quantum numbers. The three light quarks will be 

commonly denoted by q. We now introduce one or more “new” and “heavy” --- 

quarks denoted collectively by Q. At this stage we do not specify the 

number or the charge assignments of the new quarks. 

The ordinary mesons (denoted by M) are qq states. The Y-particles 

(including $J, $‘, $‘I, Q”, PC, x x, and possible additional “relatives”) 

are QQ states. There is a third class of mesons created by qz) or Qi 

combinations. We will refer to these as “D-mesons.” 

We can now state the qualitative rules which govern interactions 

among M-mesons, Y-mesons, D-mesons and photons 

(a) The electromagnetic current is diagonal. It includes qq 

and QQ terms but not qo or Qq. Hence, the only observed peaks in 

e+e- collisions are of the M-type (p,w,$,p’) and Y-type (6, JI’, $?‘,$~~I) 

(Figure 6). 

(b) In e+e‘-collisions below W 2, 4 GeV, only qq pairs are 

produced and the final state involves only M-mesons (except for the J, 

and $I’ peaks). The model predicts R = 2. Experimentally R s 2.5. 

Above W % 4 BeV we have, in addition, e+e- + QQ. The value of R in 

that region depends on the quark charges, and on the possibility of the 

existence of new charged leptons. The final hadron state emerging from 

a Q?J pair will always include a pair of D-mesons, possibly with addition- 

al pions, etc. (Figure 7). A QQ pair could also yield a final state 

such as JI + pions, but such a process will be suppressed by the 21 

rule (see (d) below). 

(c) The decays $ + MM are suppressed by the ZI rule (Figure 5). 

In the case of $(3100) these decays are small but dominant. For @’ 

they may still represent a reasonable fraction of the width. In the 

case of JI” , the total width is approximately 200 MeV. The ZI- 

suppressed direct decays into ordinary hadrons are likely to correspond 

to O.l-0.01% of $I’-decays. It is therefore unlikely that we can 

, 
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Fig. 6: Quark diagram for direct formation of M-mesons or J, mesons 

in e+e- collisions. 

Fig. 7: Quark diagrams for the production of pairs of M-mesons and 

D-mesons in e+e- collisions. 

determine the properties of $f’ by studying its direct decay into 

ordinary hadrons. In particular, we cannot hope to determine its isospin 

or G-parity by finding dominant decays into odd or even number of pionst 

(d) The decays P + Y + M are also suppressed by Zweig’s rule 

(Figure 8) although the suppression factor may be smaller in several 

dynamical schemes. The 9’ + m and q’ -c qr7 transitions are indeed 

much smaller than normal hadronic decays. Decays such as $” + JI + pions 

are predicted to have a negligible branching ratio. They have not been 

seen, so far. 

(e) The decays Y + Of, are ordinary strong decays (figure 9). 

In the case of J, and J, ’ , such decays are presumably energetically 

forbidden (thus predicting m(D) > 1.84 GeV). JI” is apparently above 

the DD threshold. Its large “normal” hadronic width is due to its 

Db decays. 

(f) Y + YY transitions are normal radiative transitions 

(Figure 10). The observed rates(5’6) for $I’ +y+P c and $‘+Y+x 

as well as the upper limits (28) on other radiative decays of $I’ are 

somewhat low for ordinary radiative transitions. (29) This point clearly 

deserves much more theoretical work. 

(g) Decays of the type Y -L YM are suppressed by the 21 rule, 

in comparison with other radiative decays (Figure 11). Thus, apart 

from phase space factors, we expect 

r(‘+‘+Y+y)>rC+‘+M+y) 

r(Y -+ M + M) > I-@' -t M + y) 

The only Y + M + y decays observed, so far, are I + II’ + y 

and Y+n+y. They are small compared with the total hadronic width 

of J, but they are approximately comparable to $ + pn. This, too, 

should be further studied. 
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Fig. 8: Quark diagram for 9 -* 9 + M 

JI e /%-” 
-c ci Q d: D- 

Fig. 9: Quark diagram for JI + D + 5 

Fig. lo: Quark diagram for J, + J, + Y 

Fig. 11: Quark diagram for J, + M + y 

The overall picture emerging from our qualitative discussion is 

clear. Once we assume that a new quark (or quarks) is produced, the 

usual quark model assumptions (including the ZI rule) determine most 

of the general features of the various transitions. The qualitative 

features of the data are in reasonable agreement with this picture. 

What remains to be done is, of course, to discover the “D-mesons” 

and to extend our underst,anding of the Y-family. 

VII. Do we need additional quarks? 

In the previous sections we have indicated that the $-particles 

probably reflect the presence of one or more new quarks beyond the 

familiar u, d, s quarks. Such additional quarks may exist regardless 

of whether we need them from our present theoretical point of view. 

However, it is well known that their existence was predicted (3) by 

Glashow, Iliopoulos and Maiani as a result of pure theoretical considera- 

tions. We now briefly review this point, demonstrating that, at least, 

one additional quark is, indeed, a theoretical necessity. 

The phenonenology of leptonic and semileptonic weak processes is 

based on the V-A currents involving the four leptons e-, ve, p-, u,, 

and the three quarks u, d. s. The charged Cabibbo current has the 

quark structure: 

J+ = cd cos Bc + ;s sin 8, = iid’ 

where 

d’ = d cos Bc + s sin Bc 

S’ = -d sin Bc + cos ec 

The d and s quarks have the same electric charge and they differ 

only by their strangeness. The weak interactions, which do not conserve 
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strangeness, are free to mix d and s, and to select another pair of 

orthogonal states, d’ and s’, related to d and s by a rotation 

angle Bc % 15’ (the Cabibbo angle). 

The St-quark does not appear at all in the weak current, while the 

u ++d’ weak transitions are identical in strength to the e- ++ve 

and u- ++ u transitions. 
Y 

If we assume a gauge theory for the weak 

and electromagnetic interactions, we would assign the left handed 

Cu,.e‘) CV~,IJ-: b.drl to SU(2)-doublets while the left handed st 

would be an SU(2)-singlet and will not couple to the weak current. The 

neutral weak hadronic current would be: 

Jo = (uii - d’a’) + (SU(2) singlet terms) 

and will therefore include lAS[ = 1 terms such as (ds cos Bc sin 82 . 

Such a scheme is experimentally unacceptable in vied of the 

smallness of the IA.51 = 1 neutral currents. The %-KL mass diff- 

erences as well as the K” + u+j~- decay rate indicate that IASl = 1 

neutral weak transitions are almost entirely absent. 

The introduction of a fourth quark (30) solves this problem, and 

at the same time provides us with an elegant theory of four quarks and 

four leptons. with identical weak couplings. This is achieved by 

postulating a new “charmed” quark c, with electric charge + 2/3. We 

then combine the left-handed c and s’ into a new doublet of the weak 

N(2). The quark structure of the charged (V-A) current is now: 

and the neutral current is 

Jo = (UC - d’a’ + cc - s’s’) +(SU(2) singlet terms) 

Since dl, s1 are obtained from d, s by an orthogonal rotation, it is 

obvious that: 

Hence: 

Jo = ($ - da + Cc - Si) + (SU(2) Singlet terms) 

and the weak neutral current is diagonal, allowing no /Ass] = 1 

components. 

The assignment of the new c-quark to the same weak N(2)-doublet 

with s’ is a necessary ingredient in the four-quark model. Since 5’ 

is closely related to s, the c-quark is predicted to decay mostly into 

s-quarks. Consequently, the lowest lying hadrons which contain the new 

quark, will mostly decay weakly into strange particles. 

This particular property of the model remains unchanged if we 

wish to introduce additional quarks beyond the fourth quark. As long 

as we preserve the (V-A) nature of the weak current, and as long as we 

remain within the framework of a weak SU(2) gauge group, the d’-quark 

is “engaged ” by the u-quark and the s’-quark is the only quark available 

for grouping with one or more new quarks. Hence, the dominant weak 

decays of new quarks Q will always include an s-quark in the final 

state (again,provided we stick to the V-A current and the weak SU(2)). 

VIII. What is the inclusive cross section for 

e+e- + D + anything? 

Assuming that the +-particles reflect the presence of one or more 

new quarks (denoted by Q) we expect a rich spectrum of Qs and qG mesons, 

for which we use the general name of “D-mesons” (or “charmed mesons” in 

the charm scheme). 

Assuming that each quark-type is separately conserved by the 

strong and electromagnetic interactions, the lowest lying D-mesons 

; . . 
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will decay only via the weak interactions and will be relatively stable. 

For each new quark Q there will be three lowest lying Q{ mesons and 

three qo states. We therefore expect at least three long-lived D- 

mesons (plus their antiparticles), and possibly six, nine or more. 

We also expect excited D-mesons with the usual spin-parity 

sequences (O‘, I-; O+, 1+, 2+, l+; etc.). These states will presumably 

cascade down to the lowest-lying D-mesons by emitting pions or photons. 

Above the threshold for producing DLi pairs (W b 4 GeV in e+e- 

collisions), we expect that approximately 50% of all final states will 

involve D-mesons (reflecting the increase from R ?r 2.5 to R s 51. The 

typical quark diagram for such a process is shown in Figure 12. Three 

important features of the diagram are worth noting: 

(a) The initial hadronic state is an excited I, since it is 

= Q2, state. 

(b) This excited Y always decays into a pair of excited or 

unexcited D-mesons. Decays into lower lying $-states are suppressed by 

the 21 rule. The cross section for producing any given DB pair 

presumably falls rapidly as a function of energy, since the D-mesons 

must have hadronic form factors. However ) as the energy increases, 

additional excited D-mesons can be produced, and their total contribu- 

tion to the value of R approaches a constant. At any given energy, 

most of the produced pairs presumably correspond to Di?channels which 

have just been opened. 

(c) Regardless of the detailed decay modes of the excited D- 

mesons, we are guaranteed to find two of the lowest-lying D-mesons in 

each event of the type described in Figure 12. If we assume that 50% 

of the events above W 2, 4 GeV involve a @ pair, half of t:be events 

will include a pair of “stable” D-mesons, while the other half will 

have no D-mesons at all. If we have N new heavy quarks, the average 

Fig. 12: Quark diagram for a typical hadronic event above W Q 4 GeV, 

in which a Q&pair is produced. 
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inclusive cross section for each “stable” Di will be: 

6(e+e- -+ Di + anything) %& o(e’e- + hadrons) 

and a similar cross section for the antiparticle T . In the case of 

the Charm scheme N=l. The “stable” D-mesons are D+ (cd), D’(c6) , 

We then expect: 

o(e+e- + D+ + anything) % 5 o(e+e- + hadrons) 

If part of the rise in R is due to heavy leptons or if we have 2 

heavy quarks, the inclusive Df production cross section could be 

low as, say, lo%-20% of o(e’e- + hadrons). 

IX. How do D-mesons decay? 

F+ (~5). 

CT 3 

as 

The lowest lying D-mesons presumably decay weakly. The charged weak 

current must have terms of the ?ype qq. Such terms enable the “new” 

Q-quark in the D-meson to convert into an “old” q-quark. We have emphasized 

in section VII that in all theories which include only (V-A) weak currents, 

the weak transition Q + q will mostly end in an s-quark. This is certainly 

true for the charm scheme, but it is also true for many of its generaliza- 

tions. The dominant decays of the lowest lying D-mesons will therefore 

usually include a K-meson. 

In the charm scheme,the three lowest-lying charmed mesons D’(cd), 

Do(&) and F+(cs), are predicted to have the following decay pattern (31) : 

(i) The D+ can decay leptcnically to e+v e, u+vu. The branching ratios 

for these decays are expected to be very small. Semileptonic decays are 

supposedly stronger than leptonic decays, but are still guesyed to be 

relatively unimportant. Among them, the dominant final states should be 

kc!?.+“, (k~)~!Z+v (where II* Z e+,u+). Nonleptonic decays are guessed to be 

the dominant weak decays (in analogy to Heak decays of ordinary hadrons). 

Using the weak V-A currents discussed in section VII, and assuming the 

current-current interaction for nonleptonic decays, we expect that the 

leading decay modes of D+ are into: 

ii’r’, (ih)+, ficnq)‘, (Rmm)+, etc. 

We have no reliable way of predicting the relative strength of these 

decays. We know empirically that hadronic systems with masses around 

2 GeV prefer multiplicities such as 4-5, but it is hard to predict what 

should happen in this 

cities in section XI. 

(ii) Do decays 

etc. and the dominant 

case. We will return to the question of multipli- 

include the semileptonic decays into K-k+“, (En)-P.‘v 

nonleptonic decays: 

(ET)~, (km)“, (in)‘, (tq)“. (hrn)” , etc. 

(iii) F+ decays include F.+v, (K8)‘L*v, @Z+v, r#,+v as well as the 

dominant nonleptonic decays: 

nv+, $a+, (Kt)+, (Kt?r)+. (qnn)+, (Ki%s)+ , etc. 

Various quantitative estimates of the detailed branching ratios of 

the various charmed meson decays have been discussed in the literature W,=) 

We will not repeat them here. We prefer, howe&, to emphasize some of 

the ambiguities and the unknown factors involved in all guesses concerning 

the decay modes of the D-mesons in all models involving new quarks: - 

(a) Ordinary nonleptonic decays of K-mesons and hyperons are far from 

being understood. The AI = i and the octet dominance rules have not been 

satisfactorily explained, in our opinion. The relative strength of non- 

leptonic and semileptonic matrix elements is an equally difficult problem 

which is not fully resloved. All guesses concerning D-meson decays are 

therefore based on analogies to other weak decays which are not fully - 

understood. 
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(b) The introduction of new quarks opens up the possibility of 

introducing (V+A) currents in addition to the usual (V-A) terms. Such 

currents may include QG and Qo terms but not significant qs terms (or 

else we would contradict K-meson and hyperon decay data). The possible 

existence of (V+A) Qi currents may affect the patterns of D-meson 

decays in many ways, including the possibility that most D-meson decays 

do not yield strange particles. (33) 
We return to this in section XV. 

(c) The entire question of the multiplicity distribution of the 

decays of a relatively heavy particle has been always widely ignored. 

It is clear that phase space arguments alone do not settle this issue. 

We already know that, for some reason, r(p’ + 4rr) >> r(p’ + 2a) and 

r(J, + 5rr) > r($ -t 3rr). This is not unreasonable in several approaches 

to hadron dynamics, but much more work is needed on this problem. 

(d) If we have more than one new quark , Q , the number of D-mesons 

with dominant weak decays is larger than three. We have three additional 

lowest-lying D-states for each new quark. The weak decay patterns of 

such mesons can be very different from one model to another. They may 

include cascade weak decays of one new quark into another. (34) 

The moral of this discussion is simple: As long as we stay within 

the “classical” charm scheme (one new quark; V-A currents; dominant 

nonleptonic decays) we have a reasonably good idea of what we should 

expect. Any variation on that scheme (more quarks; V+A; different 

mechanisms) may change the situation in a radical and essentially 

unpredictable way. 

X. Searching for “D-mesons” in e+e--collisions 

“D-mesons” should be produced in hadronic collisions, in photoproduc- 

tion, electroproduction, neutrino production and in e+e- annihilations. 

This last process, however, is the only one in which we are not restricted 

to a nucleon target, and in which new quarks and old quarks are equally 

produced above the appropriate threshold. While the percentage of events 

containing a “D-meson” in hadronic collisions is probably well under 1%. 

we expect 25%-60% of the events in e+e--collisions at W > 4 GeV to contain 

pairs of “D-mesons”. This is based on the observed rise in R. and the 

assumption that all of it,or part of it,is due to the production of such 

pairs. It should therefore be relatively easy to find the “D-mesons” in 

the final statesof e+e- collisions, and the present SPEAR data presumably 

already include many thousands of events in which such mesons are produced. 

How can they be identified? 

There are many direct and indirect ways of looking for “D-mesons” in 

e+e- annihilations. We now review the present experimental situation with 

regard to these searches. 

(a) The simplest and most direct method is the search for significant 

narrow peaks in’ invariant mass plots. Since most “D-meson” decays allegedly 

involve K-mesons, the most hopeful channels should be to,’ and K-n+rr+ for 

Df, K-n+ and R’a+a‘ for Do and I~+T+TI- for F+ . Other channels which are 

easily detected are TI+~T- , K+K-, K+i’, etc. No such peaks have been 

discovered so far, and severe upper limits exist (35) for the production of 

such new mesons followed by their decay to the above channels. 

A typical limit is: (35) 

o(e+e- -c Df + any) * r@+ + for+) < 0 54 ,,b 
T(D+ + all ) 

at W=4.8 GeV. If we assume that half of the total e+e- cross section at 

that energy is generated by pairs of new particles, and that D+,D’ and F’ 
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are equally produced, this leads to: 

r(D+ + ton+) < B% 

I’(D+ + all ) 

If only 1.3 units of R are due to new mesons, the upper limit for 

this branching ratio is only 16% . 

Should such an upper limit be considered fatal for the charm scheme? 

This depends on the average multiplicity of D-decays. If the average 

multiplicity in D-decay is, say, -a> ?r 3 , it is clear that the ii’s’ 

decay must be significant, and the above upper limit is extremely un- 

comfortable. If, however, cn> % 4 , there should be many different 

significant 3, 4 and S-body decay modes, and the two body mode could 

easily be very small, much smaller than the present limit. We will return 

to this point later in this section when we discuss the multiplicities. 

(b) A second indication for the production of pairs of new mesons 

should be a significant change in the observed number of K-mesons, as 

we cross the W ?r 4 GeV threshold. If the new mesons decay mostly into 

K-mesons (say 2/3 of the time), each such event should contain an average 

of 4/3 K-mesons. Since typical ordinary hadronic events contain only 0.9 

K-mesons, (36) we expect a significant rise in the average number of K-mesons. 

Tile rise would be easily detectable if 50% of the total e+e- cross section 

is due to pairs of new mesons. It would be more difficult to detect if 

only zo-30% of otot (i.e. 4/3 out of 5 units of R) are due to new mesons. 

It may be impossible to detect if new leptons are also produced above 

W ‘L 4 GeV , and if their K/n ratio is smaller than average. (37) 

Experimentally, the K/s ratio (figure 13) does not seem to indicate 

any significant change around the W s 4 GeV region! 

(c) Another indicator for a change in the nature of the hadronic 

final state could be the average charged multiplicity. Below W ‘L 4 GeV 
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Fig. 13: R, Fraction of events with K-, <n>ch and Ecm/Etot 

as a function of W. 
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we have(8) <">c"% 3-4. This is presumably a typical average charged 

multiplicity for the hadronic final states which correspond to the "old" 

quarks. In order to estimate the average multiplicity above W % 4 GeV we 

must know the average multiplicity of the decay of a "typical D-meson". 

We have already remarked that most hadronic systems with masses around 

1.5-Z GeV have <n> % 4-5 (e.g. pp annihilations at rest OT the p', g 

mesons etc.) A pair of such mesons would have Q-L> % 8-10 and the 

charged multiplicity of such a pair might be approximately c">,!) "* 6. 

We therefore expect a sudden increase in <n>ch around W 2r 4 GeV. 

Such an increase can be avoided only if a typical D-meson would decay 

into two charged particles, or if (37) at W % 4 GeV other thresholdsare - 

present [e.g. a heavy lepton threshold). 

Experimentally,@) the average charged multiplicity changes smoothly 

around W % 4 GeV, (figure 13) and no indications for any profound change 

in the hadronic final states have been observed. If the observed ~n>~h 

above W % 4 GeV is a measure of the typical decay modes of the 

hypothetical D-mesons, we should expect the two-body and three-body decay 

modes to be prominent. In that case the upper limits 135) on the decays 

modes D+ - Pr', cT+ll+ etc. are very disturbing! 

(d) If the entire increase in R from R Q 2.5 for W ?r 3.5 GeV 

to Rb.5 for W % 4 GeV, is due to the production of pairs of new 

particles which immediately decay, the final decay products should be 

limited to x 5 0.5 in the region immediately above thresholdcx = P/Pmax). 

The inclusive spectrum of charged hadrons should therefore show an increase 

which is comnletely confined to the x < 0.5 region. 134) 

This is indeed observed (figure 14) when we compare the inclusive cross 

sections at W = 3 GeV and W = 4.8 GeV. (38) Beyond x < 0.5 we !lave 

scaling(') all the way from W = 3 GeV to W = 7.8 GeV. The increase in R 

at W 2, 4 GeV is entirely accounted for by charged particles with x < 0.5. 

9 

8 

0 
0 0.2 0.4 0.6 0.8 

x=2E/J; ..". 

Fig. 14: The inclusive charged particle spectrum at W=3 

and 4.8 GeV interpreted as "old" and "new" physics. 
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This is one of the clearest indications (34) that pairs of new particles 

are indeed created above the new threshold. 

(e) Another “global” quantity which can be measured is Ech/Etot, 

i.e. the fraction of the total energy which is possessed by the charged 

particles. The experimentally measured quantity is really an “apparent 

Ech’Etot” 
since all charged tracks are assumed to be pions for the 

purpose of converting (the measured) momentum to (the calculated) energy. 

The “apparent Ech/Etot” can decrease either because of a large percentage 

of neutral particles or because of a larger percentage of heavy particles 

(K-mesons or protons) which are treated as pions. In the Charm scheme we 

do expect more K-mesons and, hence, a smaller Ec,/Etot. Experiment shows (*) 

a decreasing Ech/Etot (figure 13). However, we have already indicated tha? 

the K/n ratio remains approximately constant! This presumably means, an 

increase in the percentage of neutral particles (or, even more unlikely, 

an increase of the average energy of a neutral particle, when compared 

with the average energy of a charged particle). 

(f) If the new D-mesons have appreciable leptonic or semileptonic 

decays, we expect an increase in the inclusive cross sections for 

e’+e- + e+anything, p+anything, when we cross the 4 GeV threshold. No 

detailed experimental numbers are available for these quantities, but 

preliminary information indicates that no startlingdifferences are 

observed. (8) 

(g) A sample of events of the type: 

+ + 
e + e- + e + pi l neutrals 

has been found”) at SPEAR at energies above W 2. 4 GeV. Such events could 

represent the production and decay of a pair of D-mesons or a pair of 

heavy leptons. More extravagant possibilities cannot be excluded, but 

we will not discuss them here. The observation of a clear signal of 

such events is, by far, the strongest indication that pairs of new - 

particles are produced in e+e- collisions above 4 GeV. The question 

is, however, whether these are D-mesons or heavy leptons. Five argu- 

ments (39,10,37) > none of which is conclusive by itself, but all of 

which point in the same direction, lead us to believe that the heavy 

lepton assumption is favored: 

(i) If the ep events come from D decay, and if the lowest 

lying D-meson is a pseudoscalar meson decaying by a V-A interaction, 

we should have observed only muons in the final state (however, the 

lowest lying D-meson could be a vector and V-A need not be right). 

(ii) The energy dependence(“) of the cross section for these 

events (figure 15) is consistent with the l/WL dependence expected for 

a heavy lepton. A pair of D-mesons should exhibit a more rapidly decreas- 

ing cross section (however, the data are not sufficiently conclusive on 

this point (lo)). 

(iii) The momentum distribution of the detected Ed tracks is 

consistent (1” with the expected distribution for three body decays 

u+ + !.I 
t 

+v+v; lJ5 + e f +v+v. It is inconsistent with the two- 

body purely leptonic decaysof a D-meson: Df + e’ + v ; D’ + I,,’ + V. 

(iv) The energy dependence of the part of R which is allegedly 

due to new pairs of particles is completely different from that of the 

ep events around the $I” region (figure 16). If the eu events come 

from D&pairs, they should probably be abundant (37) around W = 4.1 GeV, 

where DB production presumably has a peak. 

(v) The absolute rate of the ep events, based on the observed 

rate and the estimated detection efficiency,is more or less consistent 

with that expected from a heavy lepton pair. (40‘) It is somewhat larger 

than most expectations for the leptonic decays of a Dfi pair. (31) 
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All of these arguments tell us that while the eu events are 

almost certainly representing the production of pairs of new particles, 

these particles are probably not the D-mesons! 

We therefore conclude that the search for D-mesons h&so far,yielded 

a probable heavy lepton, but no signs of a D-meson. We feel, however, that 

the evidence against the existence of D-mesons is not compelling,especially 

in view of the total confusion 
(37,39) introduced by the heavy lepton into 

global quantities such as the K/n ratio, +C-ch and Ech/Etot . 

XI. Why don’t we see the D-mesons? 

There could be several reasons for our failure to positively identify 

the D-mesons, in spite of the fact that the magnetic detector at SPEAR 

has presumably collected many thousands of them. It may be useful to 

review these reasons, especially since some of them would make the 

identification of a D-meson very difficult in any experiment, while 

others would predict that a little more statistics should enable us to 

find them. 

(i) The simplest possibility is that each D-meson decaysto many 

different modes, none of which corresponds to a branching fraction of 

more than a few percents. This may be especially true if the average 

multiplicity of a D-decay is around 3.5-4 (and this might be consistent 

with the e+e- data if a heavy lepton exists and if its average decay 

multiplicity is smaller (37) than 1.5). 

Thi.s hypothesis must mean that eventually we should detect modes 

such as D+ + K-n+rr, even if their branching fraction is only, say, 1%. 

A few additional months of SPEAR and DORIS experiments cannot fail to 

reveal such decays. If D-mesons are not discovered within the next 

Y-r, this possibility will probably be ruled out. 

(ii) An equally simple, but less elegant possibility is the allega- 

tion(34) that there are more than three low-lying D-mesons which decay 

weakly. This is the case in theories with several new quarks, each of 

which leading to three such D-mesons. In that case the e+e- events which 

relate to new pairs of particles will be divided among more D-mesons, 

making them more difficult to detect. This, too, should be cured by 

better statistics in the next few months. 

(iii) A third possibility which is not supported by any known theory, 

but which could very well turn out to be the correct one, is that the 

lowest lying D-mesons decay mostly (or only) with the emission of a 

neutral particle. It is not easy to concoct a scheme that would demand 

such a condition, but it is equally hard to exclude this possibility. 

The neutral particle could be a no, n, y, v or a new light neutral 

particle. Any theory which demands any of these particles to be a 

necessary decay product of each decay of the lowest lying D-mesons, must 

go beyond the present “conventional” theories. However, we firmly believe 

that we should not discard such possibilities. 

Whether the D-mesons exist or not, and whether they will be discovered 

within the next year only time will tell. We believe that the answer to 

both questions is affirmative. 

XII. The spectrum of the Y-family 

The spectroscopy of the Y-family should.provide us with answers to 

several important issues such as the number of new types of quarks and the 

dynamics of the QG interactions. 

A summary of the known spectrum of the IIY-family” is presented in 

figure 17. Some properties of the new particles are summarized in table I. 
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Fig. 17: Present status of the $-spectrum 

Name MS.5 Width .Jp c Decay Modes 

+=J 3095 70 keV 1- - e+e-,p+p-, hadrons (via y) 

Many hadronic modes (G=-1, 
I=O) 
y+x(2800) 

JI' 3684 225 keV I- - e+e-,p+p-, Hadrons (via y) 

y+Pc(3510), y+x(3410) 

wJ,n* 

V’ I%4100 100-200 MeV l- - ? 

V” ,s4450 ,50-80 MeV l- - 7 

x(=n,?) %2800 

X 3410 

? 7 + YY,PP 

narrow P=(-1)J + 4n,bn,nnKt,nn DT KK 

v*(?) 

Pc(‘X?) 3510(or 32607) narrow 7 

x’ (=P,?) 3530 wide or ? 
two narrow 
states? 

+ Y6 

+ 4n,6n,naKR 

Y*(?) 

Table I: A short particle data table for the $-family, 

Several points should be noted: 

(ij No direct hadronic decay of $I’ have yet been identified. (41) We 

return to this in section XIII. 

(ii) No decay modes of $~‘*(4100) or the new $J”’ (4450) have yet been 

identified. JI”(4100) may even contain some internal structure. We 

know, however, that the decay modes of JI”(4100) do not include a 

significant number of $(3100) in the final state. 

(iii) The yy and pp decay modes of x(2800) are more or less 

comparabie. (7) Since pp is. presumabIy, only one among many hadronic 

decay modes, the x -+ yy branching ratio is probably very small 

(< a few percent). - 
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(iv) x(3410) is not a pseudoscalar meson, if its TIT 01 Kg decay 

modes (6) are confirmed. This is a crucial point which destroys many 

theoretical models, and it is important to verify it experimentally. 

(v) It is not clear how many states exist in the 3500-3550 MeV range, 

but the SLAC-LBL collaboration feels that at least two states are 

present. (6) 

(vi) The transition x(3410) + rl, has not been observed at SPEAR. The 

DASP group has two events. (7) 

(vii) The branching ratios for (y$)/(hadrons) are not yet determined for 

the various PC and x states, but it seems that these ratios may be 

substantially different for the different states in this region. 

What are the possible assignments of the $-particles, in terms of 

their quark content? 

Until a short while ago, when we had only three of the present eight 

states of the $-family, several options appeared to be equally reasonable: 

(a) We have one new (charmed)quark(30! J, is the ground state 13S1 vector 

meson. 11’ is the first radially excited state (42) 23s1. $,, is the next 

radial excitation 33S1 . Almost any reasonable potential (42) predicts, 

in this case, that the lowest lying P-states, 3Po, 3P1, 3P2 , are somc- 

where between J, and @’ and can be discovered in the radiative decays 

of $1 . 

(b) We have several (two or three) new quarks. JI and 9’ are both ground 

state vector mesons, (34) corresponding to different quark combinations 

(like P. w, $1. In such schemes the only C = +1 states below I+’ are 

presumably the Jpc = O-+ S-state analogues of JI and $I’ . 

(c) We have several (two or three)-new quarks. JI is a certain combination 

of such quarks. $I’ is a radial excitation of the same combination. (43) 

The other ground-state vector mesons corresponding to other Qq combinations 

have much smaller couplings to the photon and are not seen. In such models 

the three P-states are expected between J, and JI’ . 

It is clear that options (a) and (b) are’the simplest logical poss- 

ibilities. (c) was motivated by attempts to reconcile the large increment 

in R which suggests several new quarks, and the assignment.of $I’ as a 

radially excited state. 

The discovery (” 6, of two or three C = +l states between J, and $’ , 

and the determination of the natural spin-parity of X(3410) have made 

option (b) an unlikely possibility. It seems that the assignment of 6’ 

as a radially excited state is probably correct. 

‘The choice between the natural option (a) and the somewhat artificial 

(c) depends on the value of R and several other factors. We return to 

these in our discussion of theoretical models at the end of these lecture 

notes. The discussion of the observed level structure is, however, common 

to (a) and (c). and we will pursue it, assuming, for simplicity, that we 

have only one new (charmed) quark. 

The so-called Y%armonium” level scheme is shown in figure 18, as 

predicted(42) m December 1974 when only JI and $J’ were known. A compa- 

rison with figure 17 shows a dramatic qualitative success. Many questions 

remain open, however. We discuss here only a few of them. 

(i) The lowest lying 3DI state presumably has a very small coupling 

to the photon. Its wave function allegedly vanishes at the origin and its 

mixing with the 23S1 state is very small. Consequently, it is not seen 

asabumpin e+e- collisions. 

(ii] The next 3Dl state is above the 06 threshold. Through 

charmed meson pairs it mixes more with the 33S1 state. The result is 

perhaps (44) the relatively small b” (4450) bump (8) which ii then mostly 

a radially excited D-state, with some 33S1 mixing. The alternative 
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Fig. 18: The “charmonium” level structure 

assignment for I$ “’ as a 4%1 state is unlikely, since the latter state 

is expected at a higher mass. 

(iii) The absolute magnitude of the partial widths for ~$‘+y+x,‘$~‘+y+Pc 

was predicted(42) to be around 25-125 keV. Experimentally, it seems to be 

S-10 keV. (5’6) This is a serious discrepancy. Attempts to bridge the gap 

between theory and experiment have left the theory at least a factor 3 

away from the experimental nwnbers. (44) No satisfactory explanation has 

been offered, so far. 

(iv) The mass difference between x(2800) and I$ is much too large 

for any version of the nonrelativistic Charmonium picture. It is possible, 

however, that the pure cc 0-+ state is near J, but that the physical 

pseudoscalar particle is not a pure cc state in the same way that neither 

q nor l)’ are pure sS states. In this case, however, x(2800) produc- 

tion in ordinary hadronic collision should be substantially larger than 

$-production. Moreover, n or n’ should have a small cc component and 

JI and 9’ would have relatively large q and II’ decays. The transition 

JI’ +*n is indeed somewhat large. In any event - either x(2800) is 

not a pure cc state, or the nonrelativistic picture is in grave diff- 

iculty. 

(v) The radially excited pseudoscalar state near $’ could be one of 

the observed states around 3500-3550 b!eV. We must remember that we 

altogether expect four C = +l states between J, and JI’: three P-states 

and the 23So pseudoscalar state. 

(vi) The exact level spacing of the three P-states, if and when they 

are found, will provide us with a tight test of various properties of the 

binding potential. Certain level patterns are unacceptable while others 

are allowed and may determine the detailed behaviour of the potential. 

(vii) The matrix elements for radiative transitions between 23S and 

13S states are predicted to be much smaller than z3s1 J-6 23s 01‘ 0 
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13S1 -L 13So. This foilows from the suppressed overlap between the 

orthogonal 2s and 1s wave function. (42) 

(viii) The o( + r#)/(x + hadrons) branching ratio will also provide 

insight into the intricate Charmonium picture. Large variations of this 

ratio for different x and PC state seem to exist, and need to be 

e,xplr, ined. 

Independent of the Charmonium picture, the search should continue for 

charged $-like objects (predicted not to exist in the charm scheme) and 

possible neutral Q-like states beyond the ones recommended by the charm 

model. If such states are found, we will be thrown back into two-quark 

and three-quark schemes for the Y-family. (34) 

One experimental puzzle which may or may not be related to such states 

is the question of the missing $‘-decays to which we now turn. 

XIII. The Missing Decays of $~‘(3700) 

The known decay modes (41) of $1 are summarized in table II. Only 

65% of the decays are accounted for. The remaining 35% or 80 keV are 

mysterious. They shouid include all direct hadronic decays of 9’ . 

However, no specific hadronic c-hannels ha-ye been observed. The upper limits 

on rhe partial widths for JI’ -+ rip, up, ?r+~i-~+n-ii’ are smaller by factors 

of 2-3 than the corresponding partial widths for JI decays. This is con- 

sistent uith the prediction of the Charmonium scheme which says that direct 

hadronic decays of $I’ and J, should obey the same ratio as their respec- 

tive leptonic decay (?JJ’ : $ ‘L 1 : 2). In any event, since 

r(J, + hadrons) 2, 50 keV, we suspect, on the basis of the present experimental 

limits, tha? (1)’ + hadrons) $, 20 keV. That leaves at least a partial 

width of 60 keV which is unaccounted for. The “missing ‘I decay modes are 

not direct hadronic decays, they cannot be reconstmcted as four-constraint 

or one-constraint fits and they cannot be related by isospin or other 

symmetries to identified decay modes. 

JI’+$+anything 

*n+n- 

*rr”no 

w-l 

VW 

57% 

$‘q+anything 

c+e- 

!J+)1- 

hadrons 

54 

1% 

1% 

3% 

*‘7+x 

1, adrons 

JI’Y+Pc 

L,I+* 

few "6 

included in $I’ -t vy$ 

total ~65% 

32% 

16% 

s4% 

CS% 

Tel.- 7T . Known decay modes of JI’ 

These mysterious decays may turn out to be fairly “harmless”. This 

would be the case if they include a substantial w+ x(2800) mode or modes 

such as $J’ + n’yx(2800). However, they may turn out to be crucial and 

sensational if they represent decays such as t)’ + n’xxi or $I’ + T’K’X’ . 

Another possibility is that we have several additional $’ + y + x decays 

with too many x-states. The last two options would clearly lead to models 

with several new quarks. 

182 



We feel that no theoretical idea for the Q-spectrum should he accepted 

as true,as long as the missing $'-decays are still missing, and we urge our 

experimental colleagues to try and straighten out this puzzle. 

XIV. Model Building: The Theoretical Framework 

After revieweing the various phenomenological aspects of the $-family 

and the hypothetical D-mesons, we are now ready for a discussion of the 

various possible models for the fundamental fermions - quarks and leptons, 

and for the structure of their weak currents. 

Our first step will be to define the theoretical framework in which 

we operate. We make the following sets of assumptions: 

(i) All hadrons are made of quarks. All quarks are colored. There 

are three different colors of quarks. All hadrons are colorless. The 

electromagnetic current carries no color. 

(ii) There are three "light" quarks - u,d.s. There is one or more 

new quarks, collectively denoted by Q. All JI particles (as well as x, x, 

PC) are Q?j states. Additional mesons ("D-mesons") are created by Qi 

and qG pairs (where q = u,d,s). The W 2. 4 GeV threshold in R is, 

at least partly, due to the production of DB pairs. 

(iii) J, and JI' are Jpc = l-- , IG = O- states. x, JI. PC are C =+l 

mesons. x(3410) is a natural parity state. 

(iv) The weak charged currents involving only the "old" u,d,s quarks 

and the four "old" leptons (e,ve,~,vu) are (V-A) currents. The currents 

involving new quarks or new leptons may have V-A and V+A components. 

Cabibho's theory is assumed. All observed weak processes are induced by 

a current-current interaction. 

(v) At any given energy, the quantityR=o(e+e-+hadrons)/o(e+e-+u+u-) 

is a measure of the sum of the squared charges of all the fundamental 

fermions that are pair-produced at that energy (except for e and u). 

The value R % 2.5 below W 3.5 GeV is consistent with zQf = 2 for 

the tricolored u,d,s quarks. The increment AR x 2.5-3 around Wti GeV 

represents new fundamental fermions. 

(vi) The electric charges of all quarks are for - f All quark 

charges must differ from each other by integers, or else the D-mesons would 

have fractional charges. A single quark with charge - f would lead to 

AR= +, which is too large for the SPEAR energy range. Other charges 

such as i , i 7 10 ,... or -j, -5 )..., lead to even higher values of AR. 

We therefore assume that such quark charges do not appear at higher 

energies as well. 

(vii) We assume a gauge theory for the weak and electromagnetic 

interactions. For simplicity, we consider the SU(2)xlJfl) gauge group (45) , 

and assign all quarks and I leptons to doublets or singlets of the "weak" 

W(2). 

Thebuilding blocks of any model within this framework will be: 

(a) Quarks: u,d,s, and at least one new quark. 

(b) Leptons: e,Ve,$~,v,,, and, possibly, new leptons. 

The different models differ in the number of quarks, their charges, 

the number of leptons, and the nature of the weak currents. 

xv. Model Building: Experimental Constraints and 

their Theoretical Consequences 

Any model of quarks and leptons must satisfy a large number of 

crucial experimental constraints. Some of these constraints are related 

to the new particles, while others relate to entirely different processes 

such as K-decays, neutrino reactions, etc. 

We consider the following constraints: 

(i) There are no (AS)=1 neutral currents. This is based on the 

smallness of the Kg-K; mass difference and the KF * p+v- decay width. 

183 
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We have already seen in section VII how we can avoid such currents in 

a model(30) involving 4 quarks: u,d,s,c. It is easy to extend this 

idea to larger numbers of quarks. (34) In the charm model(30) the left 

handed quarks belong to two “weak isospin” doublets: 

where d’ and s’ are the Cabibbo mixtures of d, s (section VII). 

To these we may always add any number of new quarks. We may also allow 

an arbitrary weak mixing between the c-quark and any additional quarks 

with electric charge + 3. One particular example (34) is a six quark 

model, in which the “weak isospin ” doublets of left handed quarks are: 

where: 

c’ = c cos $+ t sin 0 

t’ =-c sin $I+ t cos I$ 

2 2 
c,t,b are three new quarks with charges J , 5 , - t , respectively, and 

0 is a Cabibbo-like mixing angle. 

Any such model obeys the requirement of no neutral IAS] = 1 currents. 

(ii) Above W % 4.5 GeV, R % S-S.5 in e+e- collisions. Sub- 

tracting the R or 2.5 value below W 2r 3.5 GeV,we get an increment 

AR ‘L 2.5 - 3. If we subtract R = 2 (corresponding to ZQZ for u,d,s) 

we remain with AR % 3-3.5. We will therefore use: 

AR = 3 fr 0.5 

Each new charged lepton provides AR=l; each set of tricolored quarks 

2 
provides AR = % or f for electric charge 3 or -+, respectively. 

We therefore need at least two new quarks (both with charge 

such quark and one chargsdlepton (inwhich case scmsrhat under 

the needed value). Three new quarks (c,t,b) or two new quarks and one 

new lepton might be even more adequate. 

It is therefore clear, at this stage, that at least one new quark 

2 . 
with charge + 3 1s absolutely needed, both for the increase in R and 

for the neutral [ASI = 1 current. We will therefore ass- from nom 

on that a fourth “charmed” quark exists. We. therefore, now have four 

quarks u,d,s,c and four leptons e,v,,u,vu, leading to R = 4 and AR=l. 

This is clearly not enough, and we will have to decide whether we want 

to add more quarks (beyond charm), more leptons, or both. 

(iii) The $-spectrum seems to be consistent with the hypothesis of 

radial excitations. (29) 
This suggests that we have only one new quark 

involved in the $-spectrum. This is supported by the fact that the 

decay $1 + Jmn is the strongest 9’ decay mode. If $I and $I’ were 

made of different types of QQ pairs, the $’ + I@II transition wouId 

have been doubly forbidden by the Zweig-Iizuka rule. Another alternative 

which is somewhat artificial and unlikely, but not excluded, is to suggest 

the existence of two degenerate quarks. (43) 
If ‘213 and t2,3 are 

degenerate, the entire observed $-family would correspond to (CS + tf) 

combinations. The orthogonal (& - tf) combinatiqns would not couple to 

the electromagnetic current and would not be produced in e+e- colli- 

sions.(43) If c2,3 and b-l,3 are degenerate, the observed $-family 

would correspond to (CC - b6). The squared coupling of the (cc + b6) 

states to e+e- is smaller by a factor nine, and might escape detection. (43) 

We consider these possibilities to be extremely unlikely. 

(iv) The ue events at SPEAR (10) (see section X) are probably due to 

a new heavy lepton. If this is true, the need for more quarks beyond 

charm is less severe (although a fourth quark together with a fifth lepton 

predict R = 4 instead of the experimental R % S-5.5). 
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(v) The K/n ratio at SPEAR does not change significantly when we 

go through the W % 4 GeV threshold. This contradicts the following set 

of assumptions: (a) All weak currents are of the V-A type; (b) There 

are no new leptons, (c) The new quarks can have weak transitions only 

into the s’-quark (see (i) above). We therefore have to relax one or more 

of these assumptions. The simplest possibility is to assume that a new 

lepton does exist, since its presence is already required by the eu 

events. In this case the small K/n ratio of the heavy lepton may 

neutralize the large K/n ratio of the D-mesons. (37) However, it is 

also possible to suggest that V+A currents exist. (33,43,46-49) 

The hypothetical existence of weak hadronic V+A currents leads us 

to classify, at least, some of the right handed quarks to Xl(Z)-doublets of 

the “weak isospin”. We cannot assign (u,d) or (u,s) to the same “weak” 

doublet of right handed quarks, since that would lead to significant 

V+A contributions in ordinary B-decay of neutrons and hyperons. Within 

a four-quark model we can only suggest the assignments: (33) 

@,I (SRI [ ;; ] 

where the subscript R denotes a right-handed quark. This assignment 

leads, however, to difficulties with the KZ-K: mass difference. (47,SO) 

These difficulties lead us to formulate a simple requirement for all V+A 

currents: Any given type of quark should not be associated with the 

s-quark in the left-handed classification and with the d-quark in the - 

right handed classification (or vice versa). This requirment essentially 

forbids (V+A) currents in a four-quark model. However, in a six-quark 

scheme we may have: (46-48) 

This would not lead to difficulties with the Ki - Ki mass difference 

or with the ordinary B-decays. 

Since there is no contradiction between adding a new lepton and 

introducing V+A currents,we may consider either possibility or both 

as a solution for the puzzle of the unchanging K/r ratio. 

(vi) The ratio between the total & and VN cross section is 

determined by the nature of the weak currents involving u and d quarks 

(since these are the only quarks in the nucleon target). In a (V-A) theory: 

U(GN) _ 1 
m-5 

Experimentally, this ratio is consistent with f throughout the CERN and 

Fermilab regions. For any given theory with V-A and/or V+A currents 

we can easily predict the value of this ratio. We know that the cross 

section for neutrino scattering on a left-handed quark is the same as that 

of an antineutrino on a right-handedquark, anJ that each one of them is 

larger by a factor three than u(v + qR) or ~(3 + ql,). Consequently, 

in a six quark model with V-A and V+A currents, (46-49) we have: - 

o(vd + u-u)=30(& + u+d)=3o(vd + u-t)=u(;u + u+b) 

Below the production threshold for the t and b quarks we predict: 

o(<N) _ 1 
m-7 

Above the threshold for both t and b: 

a(‘% _ 1 
u(vN) 

If m(t) c m(b), we have between the two thresholds: 

o(h) _ 1 
m-4 

If m(b) < m(t), the intermediate region will give: 

c(;N) _ 4 
m-7 
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It js therefore, clear that if (V+A) currents are present, the 

tbr~31~old for the b-quark must be above the energies available at the 

Fermi laboratory. 

We ~~:ly now sumaarize our conclusions at this stage: 

(A) At least I’xr leptons and four quarks are produced at present 

SPEAR enorgies. 

(B) In addition, at least one more quark with charge 2/3 0~ one 

more charged lepton are produced at present energies. We may also have 

two more quarks (a total of six) or one new lepton and one or two new - 

quarks. 

(c) The Q-spectrum hints that the fourth charmed quark is sufficient. 

(n) The eu events probably necessitate a new charged lepton. 

63 W+A) currents may be present, only if six or more quarks 

exist. Such currents are not required by the data. One or two of the 

six quarks may be produced only above the SPEAR and Fermi Laboratory 

energies. 

XVI. Model Building: Sumnary 

Tfz present experimental information and its phenomenological analysis, 

teach US that the SPEAR data is consistent with a model including four 

tricolored quarks and six leptons with V-A interactions. The-left handed 

quarks and leptons belong to weak SU(2) doublets: 

This can be viewed, at present, as a “minimal” scheme. It is 

undoubtedly the simplest scheme which is more or less consistent with 

all the data. 

A fundamental theory based on these fensions will, however. be 

inadequate. A condition for the renormalizability of a gauge theory of 

weak and electromagnetic currentsis the cancellation of the triangular 

anomalies(‘l) (figure 19). In a pure (V-A) theory the necessary and 

sufficient condition for such a cancellation is: (52) 

’ fermions ‘i = quaiks Qi + lepions Qi = ’ 

For each weak doublet of leptons, CQi = -1. For each weak doublet 

of tricolored quarks CQi = 3 ($ - $ = 1. Consequently, the overall 

ZQi = 0 condition requires an equal number of quarks and leptons in a 

V-A theory. The minimal extension of the above theory would therefore 

be to add the two additional quarks (34) (t,b). Their production threshold 

may very well be above the SPEAR and Fermilab energies. 

There is no experimental OF phenomenological need for V+A currents. 

However, such currents may well exist, and there are intriguing theoret- 

ical possibilities related to them. Of particular interest is the 

hypothesis that in the limit of vanishing fermion masses, the theory of the 

the weak interactions is a parity conserving, pure vector theory. (48,W 

Only the presence of masses breaks the vector current into (V-A) + (V+A) 

combinations. According to this line of thinking, the same mechanism 

which creates the fermion masses, and induces their mass differences and 

Cabibbo angles, is also responsible of parity violation. 

This interesting possibility has its theoretical complications, and 

it requires much more study. Among other things, it requires the existence 

of additional neutral leptons, and the violation of lepton number conserva- 

tion. 
t 

Each of the three theoretical models mentioned in this section require 

between 18 and 27 different types of “fundamental” fermions. This is compar- 

able to the number of known hadrons when SU(3) symmetry was introduced in 
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LEPTON 1 

1961. One cannot escape the feeling that all of these quarks and 

leptons are somehow related to each ohter, and that yet another structure 

may be uncovered. It is entirely possible that this will be the really 

deep impact of this year’s exciting experimental discoveries. 

These notes represent an updated version of lectures delivered at 

the SLAC Summer Institute. Between July 1975, when the Summer Institute 

took place, and the end of August 1975, when the 7th International 

Symposium on Lepton and Photon Interactions was held at Stanford, major 

new experimental facts became known. These were included in these notes 

in order to avoid the danger of producing a manuscript which would 

instantly become absolete. 

Fig. 19: The triangle anomaly graph 
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THE NEW SPECTROSCOPY 

George H. Trilling 

Department of Physics and Lawrence Berkeley Laboratory 

University of California, Berkeley, California 9472U 

I. THE COMING OF THE NEW SPECTROSCOPY 

A. Introductory Remarks 

My task in these three lectures is to review the experimentalstatus 

of the new spectroscopy thrust upon the physics world by the particle 

discoveries of last fall. Before embarking on this discussion I want to 

make a few qualifying remarks: 

(1) In so rapidly varying a field, the distinction between review 

lecture and topical seminar becomes blurred. Hence there may be some 

overlap between material presented here and subjects discussed in more 

detail in the Topical Conference. I have endeavored not to dwell on 

those areas which are on the program of the Topical Conference. 

(2) By the force of circumstances I have had better access to the 

pre-publication results of the SLAC-LBL Collaboration than to the work 

of other groups or laboratories. Thus although I have attempted to take 

account of all contributions to this field, my presentation may not be 

as completely balanced as might be desirable. 

(3) In the matter of notation I have used the symbols $'( 3095) and 

~(3684) for the two narrow states which are presently the best-established 

citizens of the new spectroscopy. 

(4) I have not discussed in any great detail theoretical models of 

the new particles except insofar as they bear directly on the interpre 

tation of experimental results. Undoubtedly this important area will 

receive more emphasis in Haim Harari's subseqent lectures. 

B. The "Old" S ectroscop 

The spectroscopy of meson and baryon states was perhaps the major 

focus of attention for high energy physicists during the decade of the 
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1yQ's. The experimental consequence of this effort was the discovery 

and determination of the properties and quantum numbers of a large number 

of such states, and the recognition of certain regularities exhibited by 

these states. while this is not the place to go into any detailed dis- 

cussion of this subject it may be useful to summarize some basic features 

of the spectroscopy: 

1. There are families of meson and baryon states or resonances. 

Individual states have been mostly identified in the mass region below 

2 GeV. Above that mass, typical resonance widths tend to become larger 

than level spacings, and structure is nuch more difficult to recognize. 

The occurrences of large widths for high-mass states are easy to under- 

stand in terms of the large numbers of available decay channels. 

2. SU(2) is an exact symmetry of the strong interactions, and W(3) 

is an approximate symmetry. Baryons fit into 10, 8, 1 representations 

and mesons into 8, 1 representations of SU(3). Typical SU(3)-violating 

mass differences observed within given unitary Nltiplets amount to 

fun2 - 0.2- 0.5 GeV* per unit of hypercharqe (Y = B + S, where B I baryon 

number, S S strangeness). 

3. The pattern of states can be understood in terms of the Quark 

Model. For this purpose one considers the three basic spin l/2 quarks 

(u, d, s) whose properties are given in the first three rows1 of Table I. 

It is assumed that baryons and mesons are constructed out of bound states 

of the form qqq and q< respectively, the binding forces being in first- 

approximation spin and unitary spin invariant (leading to SO(~) symmetry). 

Higher mass states are then built up out of radial and orbital excita- 

tions of these configurations. The resulting spectrum of levels agrees 

reasonably with experiment, both in the absence of exotics and in the 

fact that the observed ordering in terms of energy is consistent with 

the expected excitations. A review of the quark model was given in one 

of the lectures of this School last year by Gilman, 
2 and I shall not qo 

into detail here. It is however desirable, because of later application 

to the new particles, to discuss briefly the mesons in terms of the 

quarks of Table I. If L is the orbital angular momentum of the q2 

system and S its total spin, the basic properties are: 

Angular momentum J= It+31 

Parity P = (- l)L+l 

Charge conjugation 3 c = (- l)L+S 

G parity G = C(- 1)' 

The application to the L = 0 states is given in Table II. 

It is further worth mentioning here that the isoscalar states 

observed in nature follow the principle suggested by Table II, namely 

pure SU(3) singlet and octet for JX = o-+ and mixed SU(3) representa- 

tions for J PC = l--. Specifically, 

r, = r [ui + dz - 24 
J6 

(octet) 

(singlet) 

(mixed octet and singlet) 

According to the empirical Zweiq rule, 4 those processes whose quark dia- 

grams have both ends of a quark line belonging to the same hadron are 

substantially inhibited. This principle coupled wifh the above represen- 

tation of the cp leads to an understanding of its small width for decay 

into nonstrange particle combinations such as pn. An identical argument 

can be used, in the L = 1 excitations, to account for the inhibition 

of the f' decay into nonstrange final state particles. Comparison of 

the QII width of the 'p, namely 0.6 MeV, with the pit width of the A2 which 

is 100 MeV suggests a decay inhibition factor of roughly two orders of 

magnitude for processes suppressed by the zweiq rule. 

C. The Birth of the New Spectroscopy 

The new spectroscopy was introduced to the scientific world in 
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Table I. Quark properties. 

Quark Spin I Charm 
--- ~QS.LY-----. 

" l/2 w 112 213 0 113 113 0 

d 112 112 -112 -l/3 0 113 113 0 

S l/2 0 0 -l/3 -1 l/3 -2/3 0 

c 112 0 0 213 0 113 0 1 

Table II. L = 0 meson states. 

SO(~) su( 3) 
multiplet multiplet Spin JPC states 

- - - 
-+ 

1 1 0 0 rl' 

35 8 0 
-* 

0 6, ‘19 K 

-- 
8+1 1 1 Pt w 'p, K* 

November 1974. The basic experimental inputs were the following: 

(1) The M.I.T.-B.N.L. Experiment5 

The MIT-BNL group studied the reaction 

p + beryllium -+ e+e- + anything (1) 

at a proton energy of 28.5 GeV at the Brookhaven Alternating Gradient 

Synchrotron (AX). They used a high-resolutZion doublearm magnetic 

spectrometer specifically designed to detect high-mass particles, pro- 

duced et rest in the center of mass, and decaying into an electron- 

positron pair. The resulting e+e- mass spect??um, 697 shown in Fig. 1, 

exhibits an extremely clear resonance at a mass of 3.112 GeV with a 

width smaller than the experiventa.1 resolution, r 5 : MeV. This particle 

was given the name 3 by the MIT-BNL group. Information on its production, . 

as obtained in this experiment, will be discussed in the next lecture. 

The MIT-BNS group subjected their data to the most careful tests to 

establish beyond any doubt that the remarkable results shown in Fig. 1 

really arose from the decay of a new particle rather than from any non- 

understood instrumental effect. 

(2) The S.L.A.C.-L.B.L. Experiment' 

The SLAC-LBL group working at the electrorrpositron storage ring 

SPEAR at SLAC used a solenoidal magnetic detector to study the reactions 

e+ +B -+ hadrons (a) 
+ 

-9 e *ee- (213) 

-+ v++li (2c) 

Following up on some unexplained anomalies detected in the course of a 

systematic study of the energy dependence of the cross section for (2a), 

they explored daring the weekend of NOW?!-her 10, :?;!+, the cross section 

behavior for (2a,b,c) in the center-of-mass energy region near 3.1 GeV. 

The results, which are shown in Fig. 2, exhibit a cross section rise for 

reaction (2a) of about 100 over the value of about 20 nb observed at 3.0 

GeV, accompanied by substantial rises in the cross sections for both (2b) 
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Fig. 1. e+d mass spectrum from J. J. Albert et al. 5 
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Fig. 2. Cross section versus total energy for (a) multihadron final states, 

(b) e+e- final states, (c) p+p- final states. The curve in (a) is 

the expected shape of a 6 function resonance with due account taken 

of beam energy spread and radiative corrections. The cross section 

(a), is corrected for detection efficiency whereas the cross sections 

(b) and (c) apply only to the detector acceptance. From J.-E. 

August et al. 8 
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and (2~). The energy spread of the effect is completely accounted for 

by the beam energy spread in the storage ring (0 E 1 MeV) plus the ex- 

pected radiative tail (see dashed curve in Fig. 2.a) and implies therefore 

a full width I' < 1.9 MeV. As discussed in detail in a later section it 

is straightforward to apply resonance theory to data such as those of 

Fig. 2 and actually deduce a relatively precise value of the resonance 

width. This was done by some of the interested theorists within a few 

hours after the data were obtained with the startling result that the 

width was actually of the order of 50 keV. The SLAC-LBL work was done 

independently and without knowledge of results from the MIT-BNL experi- 

ment, and the new particle was given the name 9 by that group. 

(3) The FraScati Experiment' 

Several groups working at the electro~positron storage ring ADONE 

at Frascati, having been informed of the results of the MIT-BNL group, 

set up the machine at the appropriate energy (at the very end of the 

accessible energy range) and observed large increases in hadron and 

dilepton cross sections. The results for the hadron detection are shown 

in Fig. 3. 

(4) Discovery of the Second Narrow Resonance by the SLAC-LBL Group 10 

The search for the first resonance at SPEAR in just the right energy 

cams about through a combination of luck plus the effects of the long 

radiative tail of the cross section (See Fig. 2) at energies stistan- 

tially removed from the resonance. However after this discovery, the 

storage ring was put into a "fine-energy-scan" operating mode by virtue 

of which it could sweep the available center-of-mass energy range in 

roughly 2 MeV steps staying just a few minutes at each step to make a 

very rough determination of the hadron cross section. Any large rises, 

such as those produced by the $, could then be further explored to verify 

if there were a narrow resonance. A test of this mode of operation 

proving its ability to detect the already discovered $ is shown in Fig. 

EVE 
1 

60- 

50- 

ao- 

30- 

20- 

lo- 

O- 

T S/O.3 rib-l LUMINOSITY 

I I 
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Fig. 3. Relative multihadron production rate as a function of total energy. 

From C. Bacci et al. 9 
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4a, and the results of its first few hours of operation in a new energy 

range are shown in Fig. 4b. The evident rise in yield at around 1.85 

GeV per beam was subsequently explored in much more detail with the 

results shown in Fig. 4~. A new resonance, again of width small corn- 

pared to the machine energy spread, with mass just under 3.7 GeV exhib- 

ited itself via a rise of about a factor of 30 in the hadron cross 

section. Accompanying rises in the dilepton cross sections turn out to 

be relatively small and were measured accurately only after much more 

extensive data taking, as will be discussed further. The nomenclature 

proposed by the SIAC-LBL group for denoting the narrow resonances is 

d3095) =*d U(3684) (th e magnitudes of the mass are recent values 

revised slightly downward from the original results). I shall use this 

nomenclature hereafter. 

(5) Confirmation of the 1$(3&h) at DORIS" 

Successful operation of the new e+d storage ring DORIS at the DESY 

Laboratory permitted the experimental groups there to get quickly into 

the study of IJ physics. Confirmation of both of the t states with the 

superconducting solenoidal detector PLUTO operating at DORIS is shown 

in Fig. 5. 

Having briefly mentioned the major experiments which detected the 

existence of the new particles, I just want for completeness to comment 

on why it was immediately recognized that these new states did not ade- 

quately fit into the "old spectroscopy " and required something new. The 

problem was the understanding of the extraordinarily narrow width, all 

the more remarkable because the high masses involved, plus the assumed 

and later verified spin of 1, imply that phase space and angular momentum 

barrier effects play much less of an inhibiting role than at masses of 

l- 2 GeV where the usual resonance widths are of the order of loO- 300 

MeV. The actual y widths are @ and 228 keV respectively for the lower 

and higher mass states, -4 implying inhibitions of -, 10 for hadron decays 

3 
c) (0) 
d 
F2 w I 
? I 
s 
d’ (L 

Lii 
t 

0 t fb f 
I.540 1.545 1.550 I.555 1560 
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E Deom h.md) IGeV) 
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z 
5 
b 400 

3.684 3.692 3.700 

E c.m. (GeV) 

XBL7510-8467 

Fig. 4. (a),(b) Fine-energy-scan data in the neighborhood of the ‘$(3095) and 

$(3&l+) respectively; (c) cross section for e+e- + hadrons versus 

total energy. The curve is the expected beam energy resolution folded 

10 
with radiative corrections. From G. S. Abrams et al. 
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-2 and m 10 for first-order electrorrmgnetic &cays. It im only tin 

second-order electromagnetic decays (proawdinq via the aaicm rad 

reabsorption of a photon to produce lepton pairs or crxtain m 

states) which are roughly normal in that their rates are cnmplrrble to 

those of other known vector mesons. Thus the introduction of nr quantu 

nwnbers or new selection ales to understand these new states seen8 

inevitable. 

Fig. 5. Relative rates for hadron events with more than three tracks versus 

11 
total energy. From L. Crieqee et al. 

D. Experimental Techniques of the New Spectroscopy 

Much of conventional particle spectroscopy has been carried out with 

bubble chambers or with fairly straightforward electronic techniqua. 

The new spectroscopy poses serious experimental difficulties imcauso of 

low cross sections (at least in conventional experiments with hadron or 

photon beams), and large backgrounds of other processes. Some typical 

detectors are shown in Figs. 6a, 6b (f or fixed target experiments with 

hadron or photon beams) 7,12 and Figs. 7a, 7h (for ece- storage ring 

experiments). 13,14 The handles used in pursuing such experiments are 

the following: 

(a) Good effective-mass resolution for two-particle or multiparticle 

systems to detect narrow bumps (for example, MIT-B@&: 0 = 5 MeV). 

(b) Lepton identification capability (KIT-BNL: reject ha&on* by 10'). 

(c) Hadron identification in final state: Cerenkov counters to identify 

1[, K, p for hadron decay modes of interesting states. 

(d) Detection of decays transverse to the beam axis when using hadron 

collisions as souras of particles. Low-tTansversemomentum dominance 

in hadron processes tends to reduce background. 

(e) Use of e+e- storaqe rings with large-solid-angle detectors. vector 

mesons can be directly observed in formation, and their decay modes can 

be studied effectively. Mher states can also be produced in some of the 

decay modes of the vector mesons. 
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(b) SLAGLBL Magnetic Detector. 14 

Fig. 6. (a) Spectrometer of MIT-BNL groqa7 (b) Spectrometer of CCHIF grmp.12 
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E. Extraction of Properties of $ Particles from e+e- Storage Ring 

Experiments 

1. Width of the 1JI's 

(a) Basic Fo?.YDUlllS 

The Breit-Wigner formula for the formation of il resonance of 

nuss w, spin J, width r, by e+e- collisions of total energy w, in the 

absence of beam energy spread and radiative corrections, is 

(3) 

where 0: is the cross section, via the resonar~e, for final state a and 

re,re ere the pertial widths for decay into state a and into e+d respec- 

tively. For e -roW Xesonence (r/M << 1) the cross-section integral 

(b) Beam Enesgy Spread 

Because of the beam energy spread the luminosity (event rate 

per unit cross section) at a fixed nominal value of the machine total 

energy w. is given to reasonable approximation by 

where Wr is the rms energy spread. Although in the neighborhood of a 

nerrow resonance ~9 can be considered constant, it veries with energy 

roughly as W2. In (5) fo is the total machine luminosity at the nominal 

energy wo. 

Consider now a very narrow reso~xe in the sense that r -X&l. 

The "effective" cross section GE measured at nominal energy Wo will be 

given by, 
NR 

s 

&w 
ua 3 il ?% dW 

f. dW fixed w. 

Substituting (5) into (6) we easily find, 

and 

I <(Wo,dWo = 1 o;(W)dW = $(u+l)* , 

(7) 

that is, the cross-section integral is independent of the beam energy 

qread (the effect of the spread is just to redistribute the events in 

terms of energy but not to change the cross-section integral). 

Note that at the energy corresponding to the peak cross section, 

W, = M, the ratio of the observed cross section to the true physical 

cross section in the absence of energy spread is given by 

Thus the measurement of z:(M) (about 2300 nb for hadrons at 9(3095) 

according to Fig. 2) does not give a physical result of direct interest 

but rather one which depends on the energy spread. It is actually the 

integral (8) which is of direct physical significance. If we wish to 

deduce the interesting properties I‘ and J?e from the measurements we can 

obtain them from (8): 

re = t42 
2X2(2J+1) 

f ~~ll(Wo)dWo 

r 
re$=r 

f ~~&)dWo 

e e f ~!&,)dWo 

(1-1 

(lob) 

where B e is the branching ratio for decay into e"e-. 

One practical difficulty in the implerrentation of (10) comes from 

the possibility of completely undetected 0 decay modes (en extreme 

example would be ~7) which would lead to an underestimate of -a a all' If 

the branching ratio for such totally undetected modes is given by Bn, 

+-he values of re,r determined from (10) neglecting such decay modes 
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true 
would differ from the true values re true , r by the factors: 

re/rzNe = 1 - Bn (11=) 

r/rtme = (1 - Bn)2 . (lib) 

There is at present no evidence for any substantial contribution 

from undetected modes. In the case of the analysis of data from the 

SLAC-LBL detector, all-photon decay events would be included in the 

undetected category. Limits from w and more complicated multi-r config- 

u&ions, as shown in Fig. 8 from experiments at DORIS 15 and SPEAR 16 

indicate no substantial contribution at the ‘#(3C95). Thus for purposes 

of width determination it has been assumed that B,, E 0. 

(c) Radiative Corrections 

The formulas so far presented neglect an important factor in 

the interpretation of the data, namely the radiative corrections. This 

is a somewhat technical subject and, rather than discussing it in detail, 

we refer the reader to useful references where the appropriate formulas 

are given. 17 It may be useful however to mention here that, to correct 

for radiative effects, one can replace the cross section integral as 

used in formulas (8) and (10) by, 

where 

t =$ [2&z - 11 w 0.076 for M= 3.C95GeV. 
e 

Thus the cross-section integral actually diverges, but multiplication by 

the corrective factor on the right side of (12) gives it a limiting value. 

It is worth noting that the radiative effects reduce the peak cross 

section from the value (9) by approximately the factor 

(%Jt = 0.6 , 

a very substantial change. 

(d) Experimental Results 

The experimental results for the energy dependence of the hadron 

Fig. 8. Cross sections for the production by e'e- of (a) collinear photon 

pairs, (b) non-collinear photon pairs, from W. Braunschweig et al. 15 

(c) Observed e+e- + 2r rate as a function of energy per beam from 

R. L. Ford et al. 16 
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and dilepton cross sections in the neighborhood of the two I$ resonances, 

obtained by the SLAGLSL group, lb19 are shown in Figs. 9 and lo. It 

should be noted that the hadron cross sections are corrected for the 

finite acceptance of the detector whereas the dilepton cross sections 

apply only to en angular region well within the detector acceptance, 

?l@JD@lY (me e( ;E 0.6 where B is the angle between either lepton and 

the incident beam. This procedure is followed because the acceptance 

corrections for multihadron events, in which the multiplicities are 

relatively large and the particles are mitt& isotropically, are inde- 

pendent of spin-parity assignment, whereas the angular distributions of 

the dilepton events are sensitive to this spin assignment. It will be 

shown that the correct assignment for both q's is J = 1, from which the 

dilepton angular distribution is 1 + cos2 6, and the resonance parts of 

the cross sections shown in Fig. gb,c and lOb,c are 5& of the actual 

resonance dilepton cross sections. One other important remark is that 

the large background under the cross sections for the e+e- final states 

arises from the t-channel scattering diagram (Rutherford scattering) 

which is of course absent for the p+p- final state. This nonresonant 

contribution to the e+e- scattering peaks at small angles, and is used 

to determine the luminosity of the machine. 

The widths and branching ratios r, re, r 
ir' Be, B,, for +A= U(3095) 

have been determined from the data shown in Fig. 9, using a slightly 

more sophisticated version of the fomlas given in the previous sections 

and are shown in Table III, together with corresponding results from the 

Frascati group. 20 There is remarkably good agreement, considering the 

estimated errors (which arise principally from the systmatics of deter- 

mining detection efficiencies for multihadron events). mthermore the 

quoted parameters also agree well with determinations of the combinations 

rerp/r, rp f ram cro*s sections for e+e- ati g+p- final states [see 

I@. (4)] as measured by the DSSY-DASP 13 and SPEAR-MspLgroups. 16 The 

IO 

t e+e- - + - PP lcos 81 s 0.6 

3.050 3.090 3.100 3.110 3.120 3.130 
ENERGY E,,, (Gel4 

Fig. 9. Cross sections for (a) e+e- + hadrow, (b) c+e- -$ p+~* and (c) e+e- 

-8 e+e- versus total energy, in the nefghhorhood of t( pgg) fra & n. 

Boyarski et al. 18 

- 
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corresponding properties for the W(3684) *s det=rhed from Fig. 10 by 

the SLAGLBL group 19 are given in Table IV. In addition to the usual 

widths, masses and branching ratios, Table III and IV contain the quanti- IO00 

2 
‘F; 100 

IO 

- + 

)cos+0.6 (b) _ 

0 ’ I I / I I . 
60 - e+b-e+e- Icos61< 0.6 (cl - 

3.670 3.680 3.690 

ENERGY EC.,. (GeV/) lll”ll 

Fig. 10. Cross sections for (e) e+e- + hadrons, (b) e+e- -i p+~\- and (c) e+e- 

+ e+e- versus total energy in the neighborhood of q(3684) from V. 

Liith et el.19 

ties, J 
PC 

and r The determinations of J PC 
rh' 

will be discussed in the 

next section, and we define r 
rh 

in the following paragraph. 

The quantity r 
rh 

represents that pert of the V decay width into 

hadrons which proceeds via an intermediate photon (second-order electro- 

magnetic process, Fig. lib), rather than directly (Fig. lla). To obtain 

it one assumes that 0 decay into dimuons also proceeds via an interme- 

diate photon (Fig. lid) and that the corresponding ratio of hadron to 

dimuon production is the same on resonance as it is in a neighboring 

energy range off resonance (Fig. llc,e): 

r =r -+ hadrons 
rh off resonance . (13) 

The ratio in brackets, commonly given the symbol R, is of greet interest 

in its own right and has been measured over the SPEAR energy range by 

the SLAGLSL group.21 The published values were used in (13) to deter- 

mine the values of r 
rh' 

In so doing, interference effects between second- 

order electromagnetic and direct decays have been neglected. 

It is interesting to compare from Tables III and IV the properties 

of the @($@+)relative to those of the $( 3095). The total width is 

about a factor of three larger, the leptonic widths are about half as 

large, and the leptonic branching ratio is down by a factor of seven. 

This circumstance helps make the $( 3684) relatively difficult to detect 

in processes other than annihilation. As will be discussed later, the 

hadronic decay processes of the $(3634) are remarkably different from 

those of the 9( 3095). 

2. Determination of J PC 

(a) Basic Considerations 

The leptonic decay widths of the $1(3C95) and ‘$(36&b) are com- 

parable to those of the well-known vector mesons produced in annihilation, 
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Table III. *(30%) properties. 

Mass 

J PC 

SL&C-LBL Frascati 

3.095* 0.004 GeV 3.103+0.008 GeV 
-- 

1 

6qt15 keV 

4.8~0.6 kev 

4.8io.6 keV 

12f 2 keV 

0.069i0.cq 

0.069 ‘O.ooy 

68+26 keV 

4.6*0.8 kev 

Assumed equal to re 

Table Iv. r11(36&+) properties. 

Mass 3.684*o.m5 GeV 

J PC -- 
1 

228f56 kev 

2.1ItO.3 keV 

7 *1.2 keV 

0.0093+0.0016 

Fig. 11. Diagrams for hadron and p'p- production in annihilation (a) direct p 

decay to hadrons, (b) 0 decay to hadrons via intermediate photon, 

(c) off-resonance annihilation to hadrons, (a) 9 decay to p+b- via 

intermediate photon, (e) off-resonance annihilation to p+p-. 
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*=m=lY P, m, ‘9. This suggests that the q's are also vector mesons with 

the quantum numbers of the photon, but evidently this hypothesis requires 

experimental verification. As a first step we examine in Fig. 12 the 

forward-backward asymmetry in dimuon production in narrow energy regions 

spanning the two $I resonances. There is no significant asymmetry as 

expected from the decay of a state of definite parity. Indeed, even in 

the region a few MeV below the resonance where maximal interference 

between the QED amplitude and the 9 decay amplitude can be expected to 

occur (see discussion further on) there is no evidence of an asymmetry, 

suggesting the same parity for the photon and the 0. 

The most compelling way to check if the I$ and the photon have the 

same quantum numbers is to search for interference effects in the energy 

dependence of the cross section for dimon production in the neighborhood 

of the resonance energy. Consider first an ideal 4n detector and let A 
r’ 

A represent amplitudes for annihilation into thv muons via an interme- 
* 

diate photon (QED amplitude) and an intermediate 0, respectively (see 

Figs. lie and lid). The p+p- final state has been chosen because the 

QEU amplitude is well understood, the Ji's decay into it, and there is no 

t-channel contribution (as in e'e-) which would mostly add noise rather 

than signal. Assuming p-e universality [supported by the measured equal- 

ity of re and r 
F 

for the 1#(3095)] the resonant Breit-Wigner amplitude A 
JJ 

is just the elastic amplitude and will be positive real for W < M, and 

negative real for W > M. The QED amplitude iS similarly negative real 

(as expected if one thinks of the photon as equivalent to a zero mass 

~WS-ZXlCe). Thus one would expect, if the \p has the quantum numbers of 

a photon, destructive interference below the resonance and constructive 

above. Because of the complications of the radiative tail for W > M 

as well as the fact that destructive interference is generally easier to 

detect, it is the region below the resonance which is most useful for 

this study. 

0.8 
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3.000 3.090 3.095 3.100 3.105 
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Fig. 12. Forward-backward asymmetry in e+e- + p+; as a function of energy 

in (a) neighborhood of @(3C95), (b) neighborhood of 1#(36&), from 

SLAC-LBL. 18’ I9 
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The relevant cross sections for IW - H!/ >> r are 

(14=) 

(14b) 

assuming here that J = 1. Thus if the r and $ have the same quantum 

numbers, there will be complete destructive interference when lA,12 = 

pe 
M-W=zJ 

1 MeV v(3095) 
0.5 nev ?(3&) (15) 

This argument has so far neglected the energy spread in the storage ring, 

whose standard deviation aW is of the order of l- 2 MeV, depending on 

which $ is being studied. It is evident therefore that if one sits at 

a nominal energy W. 1 MeV below the resoIwce, as suggested by (15), a 

sizable fraction of the beam will still be at the peak of the resonance 

and it will be impossible to detect destructive interference. However, 

as long as AW is not large compared to - 

(16) 

it is perfectly possible to go to energies a little further below the 

resonance, obtaining partial but not complete destructive interference 

and getting even the tails of the beam energy distribution way from the 

resonance peak. In practice it is most convenient to calculate, taking 

the energy spread into account, the expected values of the ratio uFN/aee 

as a function of the nominal energy Wo, with and without interference, 

and compare them with experiment. The results as obtained by the SLAC- 

LBL gralpl8'19 are shown in Fig8.13a and 13. They provide conclusive 

evidence for destructive interference between the QED and resonance ampli- 

tudes below resonance for both q(3095) and *(36#+). 

(b) Effect of Detector Solid Angle 

The above result of destructive interference between the QE3 

and resonance amplitudes provides an unambiguous determination of the t 

- Expected Interference 
---- No Interference 

1 ’ I I I I I 

0.01 F 
3,000 3.090 3.095 3.100 3.105 

I 
I I I I I 

, 

0.15 - (b) +(3684) 

g 0.10 - 
------__-- _____ --_-_------_--0 

0 ’ I I I I I I 

3.670 3.675 3.680 3.685 3.690 3.695 
ENERGY EC,,,. (GeV) 2”S.l 

Fig. 13. Energy dependence of ratio of u(e+e- + p+p-)/o(e+e- -a efd) in 

the neighborhood of (a) a( 3095), (b) $(36&), from SLAC-LBL.18'19 
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quantum numbers if the detector subtends with uniform efficiency the 

complete solid angle. 

The real detector used at SPEAR however can be considered as fully 

efficient only over the more restricted angular range, 

-0.6 B cos e s 0.6 and o s cp 6 2s 

where e, q are polar and azimuthal angles relative to the beam direction. 

From this one can deduce the following: 

(1) Since the detector is symmetric in cos 8, the observed inter- 

ference implies equal parities for the Q and the photon, both negative. 

(2) Since the detector is equally sensitive to negative and positive 

particles within its acceptance solid angle, the interference implies 

equal values of the charge conjugation quantum number for the photon 

and the $, namely c = -1. 

(3) However, the observation of interference does not, without 

further argument, rule out Jq f 1. 

We consider this question in more detail. Let A(ff,m,h+, A-) be the 

amplitude for producing a II+; in the direction ?((angles B,q) with 

helicities h+,X- if m is the spin projection of the initial y or $ along 

the beam axis. Then we can write, 2% 23 

A(+,A+,A-) = f(m,X+,X_)d~(e)eilp("ch) (17) 

where A = h+ - X . Furthermore we can apply the following conditions: 

(i) Parity conservation 

f(-m,-A+\+, -A-) = f(m,h+,h-) . (lb) 

(ii) Definite parity q of the intermediate state (q* = -1 for 

photons, r,+ = -1 for $) 

f(rn,-A+,-A-) = swJ f(m,h+,A-1 

= (-l)J+l f(%A+,A-) - (18b) 

(iii) Neglecting terms of order m$M, mCI/M, the QED amplitude is 

nonvanishing only for m = Itl, A = 21. 

It follows that the angular distribution is given by 

F(0) = 
c 

[f*(m,A+,h-)d;(e) + fr(m,A+,h-)d;(e)]2 . 

llkil 
A&l 

(19) 

Using (18) and the properties of the d: functions, 

dJ J 
slT1 = dll : dJll = dtml : dfll(e) = C-1) J+ld;&“- e) (20) 

we can finally write, 

F(e) = 2[f*(1,1/2,-1/2)d;l(e) + f~(1,1/2,-1/2)d~,(e)12 

+ 2[f'(1,1/2,-1/2)d;&n- e) + f'(1,1/2,-1/2)d&r- @)I2 . (21) 

From (21) we can immediately calculate the ratio of interference 

for any value of J relative to that for J = 1 integrated over ths 

detector: 
i-“& dJ,,(e)d;,(e)d co5 e 

Interference Ratio = 
. cos e 

The results of such calculations can be summarized as follows: 

J-Value Interference Patio Interference (W < M) 

0 0 0 

1 1 large destructive 

2 negative constructive 

3 negative constructive 

>3 very small very small 

(22) 

Thus, even considering the finite size of the SLAGIBL detector, one 

still concludes that the observed interference demonstrates that J PC 
= 

1 -- for both the ~(3~3) and the $(36&i. 

Fimlly, from (21) with J = 1, we easily obtain the expected 

dilepton angular distribution for the 0's: 

F(e) - [&@)I2 + [d&- @)I2 * 1 + cos* 0 . (23) 

Comparison with experiment is shown in Fig. lk and is satisfactory. 

206 



I I 1 I I I 
’ I’ - 40 - 

30 - 

20 - 

IO - 

e+e--e+e- 

0 Data 

Cl Data -QED’ 

t 

(4 

-0.8 -0.4 0 0.4 0.8 
cos 8 ,07*3 

Fig. 14. Angular distributions for (a) e+e- + e+e- and (b) e+e- -a w+p- 

near peak of q( 3095), from A. M. Boyarski et al. 18 

II. THE HADRONIC PROPERTIES OF THE $'S 

A. Production of q in Hadronic Reactions 

We summarize data on the production of $ in hadron-initiated proces- 

ses by listing and discussing the various relevant experiments. As of 

now, the statistics in most of these experiments are still relatively 

sparse, but one may, in the next year or two, expect dramatic improvements 

and considerably more refined results. 

(1) The M.I.T.-B.N.L. Experiment 697 

This experiment has already received some discussion in the previous 

lecture since it provided the very first observation of the 9(3095). It 

utilized a spectrometer (Fig. 6a) specifically designed to look for pro- 

duction with center-of-mass momentum P* = 0, in the reaction, 

p + beryllium + $ + anything , $ +e+d . 

To transform observations in such a limited region of phase space to a 

cross section for Q production, one needs a production model, which the 

MIT-BNL group took to be 

3 
- 

-6P; 
me. 

dF;,,;2 E* 

With the e'e- branching ratio given in Table III, the MIT-BNL group esti- 

mates a $(395) production cross section at 28.5 GeV incident proton 

energy of about 1.4 nb/nucleon. At 20 GeV incident energy, the cross 

section is down by a factor of about 10. Finally, going back to 28.3 

GeV, there was no observation of 9(3684) production yielding an upper 

limit of 0.1 nb/nucleon for its cross section (due account being taken 

of the e'e- branching ratio given in Table IV). 

(2) The Columbia-Cornell-Hawaii-Illinois-FNAL Experimenta 

The CCHIF experiment was set up in a neutral beam at the Fermilab. 

A s-meter liquid deuterium tube could be used to attenuate neutrons and 

produce a highly enriched photon beam for photoproduction experiments; or, 

alternatively the deuterium was removed, and a 3.0-c” lead absorber was 
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used to remove photons and produce an almost pure neutron bean. The 

neutron energy spectrum, monitored with a calorimeter, peaked at around 

60 GeV. The reaction studied with an absorber and magnetic spectrometer 

(Fig. 6b) is: 

n + beryllium --f ~I+F- + anything . 

The dimuon mass spectrum obtained, shown in Fig, 15 shows in addition to 

the large expected p peak a clear structure at around 3.1 GeV, with a 

width compatible with the rather poor resolution (poor because of the 

large absorber traversal of the muons prior to analysis in the spectrom- 

eter). The corresponding cross section, estimated to within a factor of 

2, for production of V(3095) is given as follows 

0 = 24 nb/nucleon for /XI > 0.32 

0 ii 50 nb/nucleon for 1x1 > 0.24 

where x = 
$ momentum 

neutron m0mentum. 
and again correction has been made for the 

dimuon branching ratio. It seems clear from these numbers that after 

extrapolation to 1x1 = 0 the cross section will be of order LO2 

nb/nucleon, and hence about two orders of magnitude larger than at 28.5 

GeV. 

(3) The CEIFX-Columbia-Rockefeller-Saclay Experiment6 

The CCRS experiment detected at the CERN Intersecting Storage Rings 

the reaction 

p+p-+ e+e- + anything 

for a range of equivalent proton laboratory energies extending from 5CO 

to 2VOO GeV, in the neighborhood of P* = 0. +-. The observed e e invariant 

mass distribution, shown in Fig. 16, shows a small but significant contri- 

bution in the neighborhood of 3.1 GeV. The cross section, corrected for 

the e+e- branching ratio, is estimated to be 

g = (1co+30) nb 

3ooc 

dN 

Nazi”) 2ooc 

1000 

n 

MASS (GeV) 

- 

‘r, 4 
02 04 06 08 IO 12 I4 I6 

MASS(GeV) 

Fig. 15. Invariant mass distribution of p'+w'- of energy greater than 70 GeV, 

produced by incident neutrons, from B. Knapp et al. 24 

where y is the raprdity and the cross section is averaged over the c.m. 

rapidity interval -0.32 < Y < +o. 32. Integrating over rapidities gives 
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a cross section of order 10 2 nb which is comparable to the result from 

250 GeV neutrons at Fermilab. It is worth noting that the observed $ 

cross section fails by about an order of magnitude to account for the 

direct lepton production observed in the ISR experiment. 

(4) The Northeastern Experimentp6 

The Northeastern group has reported the results of a comparison of 

the reactions 

IT- + iron -b v+v- + anything 

p + iron -3 p+; + anything 

with the dimuons in the mass region of the V(3095) where a small but 

I 

2.5 30 35 
M (@Y) cievk 

Fig. 16. Invariant mass distribution of e+e- produced in pp collisions Of 

the ISR. The curves indicate the shapes of the acceptance, from 

F. W. Biisser et al. 25 

significant signal is detected. The x and PI distributions for incident 

' protons and pions shown in Fig. 17 are parametrized in the follaring way: 

-ax-bP 
d30ze 1 

dxdP; 

ana 

a = 9.7i1.6 
P 

ax = 6.2t0.8 

bp = 2.2+0.5 cev-l b, = 1.650.2 &v-l 

(yield) 
(yielaJp = 7.422.0 for 1x-j h 0.5 . 

Thus the center-of-mass longitudinal momentum spectrum falls off more 

rapidly for incident protons than for incident pions. The large yield 

from incident pions relative to incident protons at large 1x1 seems to 

reflect this difference in fall-off. Indeed if one extrapolates to x = 0 

the total cross section for q(m) production from incident pions appears 

comparable to that from incident protons. 

We can summarize the results of experiments in which $ mesons are 

produced by hadron beams: 

(i) Only cross sections for $(3095) have been measured. The hadmnic 

production of $(36&) has not at this time been reported. This presumably 

reflects both low cross sections and the ~11 branching ratio of o(m) 

into dileptons. 
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loooo - 
A PIBN BEAM 

! 

V + N + v* + N, v and V* being different vector mesons, we obtain from 

TRANSVERSE M0RENTUM GEV (a), 

x and PI distributions for '$(3095) production by 200 GeV protons 
26 

and x on iron, from G. J. BleMr et al. 

(ii) )(3095) production cross sections rise from about 1 nb at 30 GeV 

to hundreds of nb at energies of 2C0 GeV up to 200.3 GeV. There appears 

to be no dramatic increase in production cross section between 200 and 

2030 GeV. 

(iii) qp(3095) production by incident pions is comparable to production 

by incident protons but is less confined to small longitudinal center-of- 

mass momenta. 

(iv) Transverse momentum distributions of $ appear to be broader than 

those of lower mass hadrons, such as pions or p. 

B. Photoproduction of e 

1. Basic Relations 27 

We start with two basic relations: 

(a) Coupling constant of vector meson to virtual photon from its 

leptonic width, 

2 
TV -= 
4n 

Lzi""t. 
12 r 1epton 

(24) 

(b) Vector meeon dominance, 

o(r+A-+ B+C)=C$a(V+A-, Ei+C) . (25) 

v rv 

If we let B be a particular vector meson and neglect processes 

$(y + N -a V+N+V+N) . 

y v 

(26) 

Finally if we apply the optical theorem and neglect the red1 part of the 

forward v + N amplitude, we find easily from (26) 

da [~tOtP)12 
zc t-0 

(y+N+V+N)=& 

The values of $,/4n for the $(3095) and ~(36s) can be evaluated from 

(a) to be 2.86+0.36 and 7.451.1 using results from Table III and IV. 

If one esSumes that the SZLIII~ flue of rz can be used in (27) es in (24) 
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(note that there is a difference in the mass-squared of the photon of 

.., 10 GeV2), then an experimental determination of the forward $ diffrac- 

tive photoproduction cross section wili immediately yield, via (q), an 

estimate of utot(VN). This, in turn, can help establish the hadronic 

character of the \p. We now consider the wperimental results. 

2. Experimental Results on $ Photoproduction 

Measurements of q photoproduction have been reported by three groups: 

(a) Cornell Group 28 : y + Be at 11.8 GeV, 

(b) SLAC-Wisconsin Group@: r + II2 and r + Ii2 at 13- 21 GeV, 

(c) Columbia-Cornell-Hawaii-Illinois-FNAL Group12: y + B@ at lCO- 

203 GeV. 

Figures 18 and 19 show some data from the Cornell and CCHIF experiments 

and Fig. 20 (put together by the Cornell group) sunnnarizes the energy 

dependence of the forward photoproduction cross section for $(3C95) using 

data from all three experiments. The results from these experiments can 

be summarized as follows: 

(i) The process yN -+ V(3C95)N occurs with a cross section which is 

measurable by these experiments. Indeed Fig. 19 shows clearly the coher- 

ent diffractive photoproduction of $(3C95) by beryllium nuclei. 

(ii) The S&AC-Wisconsin experiment has, at its highest energy of 21 GeV, 

observed production of both $(3C95) and q(36&), with a ratio 

*(3095)/$(36&) at tmin of 6.8t2.4. The CCKZF also has a f@w q(3684) 

events, but no cross section for these has been reported. 

(iii) Both 0 dt t_ohN --f V(3095)N) and the slope increase with energy 

-2 over the total energy range covered (slope goes from 1.2 GeV at 11.8 

GeV to about 4 -2 GeV at 100 Gel'). 

(iv) From Eq. (27), with r; determined from r@ using (UC), the highest 

energy data lead to Utot[~(3C93)N] in 1 mb. Although this cross SeCtiOn 

is relatively small, as compared to the cross sections for other vector 

mesons, it s@@ms sufficiently large to support the interpretation of the 

~(395) as a hadron. 
12 

\ 

CORNELL mx2 DISTRIBUTION 

\ 

, (BH Pairs) + (Background) 
9 

XBL7510.8468 

Fig. 18. Photoproduction of $( 3095) on beryllium at 11.8 GeV, from B. 

Gittelman et al. 28 
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Fig. 19. Photoproduction of +(3095) on beryllium at lC0- 2CO GeV, from B. Fig. 20. Energy dependence of forward photoproduction cross Section of 
28 

Knapp et al. 
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C. Hadronic Decay Modes of 41(3O951 

1. General Considerations 

Table V gives a summary of present information on $(3095) hadronic 

decay modes based on the experimental results of the SLAC-LBL group 30 

and the DESY-DASP group. 31 The SLAC-LBL group has, in a further analysis, 

addressed the question of whether the usual strong interaction symmetries 

SU(2) and SU(3) are applicable to these hadronic decays. To do this, one 

identifies those final states which have a large "direct" contribution 

(see Fig. lla) as opposed to states whose branching ratios can be accounted 

for by second-order electromagnetic processes (see Fig. lib), and which 

only contribute to the width r yh defined by Eq. (13). If the 9(3C95) is 

a state of definite isospin (as expected if it is 

spin is conserved in its direct decays, the decay 

be states of definite isospin I and G parity, the 

usual way, 

a hadron), and if iso- 

modes so produced should 

two being related in the 

G = C(- 1)' = (- l)'+l . (28) 
TO test specificallywhether a particular decay mode 'la'* has a sulz- 

stantial direct contribution, one defines the cross-section ratio, 

where o(3CNXJ) represents a cross section at W = 3ooO MeV, just below the 

mass of the Ip(3095), where substantial data are available from earlier 

running at SPEAR. If a, % 1, the decay mode "a" can be accounted for 

by a second-order electromagnetic transition, whereas if c~a >> 1, the 

decay is bound to have a substantial direct component. We now discuss 

the results of applying this procedure. 

2. GParity of *( 3095) 

Consider as an example events in which four charged prongs of total 

charge zero are detected. The missing-mass-squared distribution for 

events with missing momentum > 0.2 GeV/c (to ensure that there is a 

missing neutral) are shown in Fig. 21a (W = 3OCO Mev) and Fig. 21b 

1 , 1 , , , , 

e+e-- TT+TT-TT+TT- X (a) 
IO - 

E c.m.= 3.0 GeV 

0 
-0.2 0 0.2 0.4 0.6 

I , , , I , I 

200 
t 

* ( 3095)--- lT+lT-lT+lT- x 

l-l 

-1 

-0.2 0 0.2 0.4 0.6 

Mg (GeV/c2)2 

Fig. 21. 4 distribution for e'e- + 2rr+2n-X (a) at 3.0 GeV and (b) for 

$( 3095), from A. M. Boyarski et al. 30 
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(W = 3095 MeV). The resonance data indicates a substantial contribution 

from the final state 2x+&-X where X is a low-mass object which we tenta- 

0 
tively identify as a n . This identification will be discussed in more 

detail further on. The absence of a corresponding signal in Fig. 21a 

then suggests that the decay mode & + - O is a direct one. ;h n 

Figure 22 summarizes the results of determinations of the ratio 01 

for various plan multiplicities consisting of one or zerc~ neutral pions 

plus an even number of pions of total charge zero, identified in the 

manner illustrated in Fig. 21. The rerrarkable result is that a E 1 

for even multiplicities and a >> 1 for odd multiplicities. The natural 

interpretation of this result is that the $(3095) is a hadron state of 

odd G-parity and, from (2's), even isotopic spin, and that the direct 

hadronic decay modes are isospin-conserving. 

3. Isotopic Spin of the V(3C95) 

(i) x+%-n" decay mode: 

P The Dalitz plot for the n+n-no decay mode, shown in Fig. 23, exhibits 

very strong dominance by the quasi-two-body final state pn. 6'urthermore 

it is clear that the three charge states pin-, - p x + and pox0 populate 

the Dalitz plot in roughly comparable numbers. Taking account of detec 

tLon efficiencies, one finds 

I-( pOnO) 
lyp+n- + o-n+) 

= 0.59*0.17 , 

to be compared with the predicted values of 0.5 and 2.0 for isospins zero 

and two respectively, these being the only isospins permitted by the odd 

G parity. Obviously the isospin value of zero is established. 

(ii) G decay mode: 

The 6 decay mode has been identified by the SLAC-LBL group from a 

study of decay modes of the form p-m+n- in which p and 5 are recognized 

32 by time-of-flight. Figure 24 shows a scatter plot of the momentum of 

the h vs the momentum of the x with a clear cluster at 1080 M&I/c for 

both momenta, the value corresponding to the Ax decay of the V(3095). 

‘O I 
8- 

A 
I 

4 

6- 

4- 

2- 

r --- -+ 1 ----- --- 
1 

01 I I I I 
PT 2(7r+7r-)7r0 3(rr+r-) x0 

2(r+7r-) 3(7r+7r-) 
MULTIPION DECAYS 2713*1 

Fig. 22. Plot of ratio a (defined in text) versus multiplicity for $(3095) 

from A. M, Boyarski et al. 30 

214 



I 

l 
l 

\ 
\ 

X 
l 

0 
l 

\* 
l 

+ 
‘\ 

0 

I-4 
\ 

c 
0 

t 

\ 

\ 
0 

\ 

z 
\ 

ks 

\ 
\ 

5 
\ 

\ 

0 
Ln. 

0 
2 

0 

k’A?3,) 
%

d W
R

lN
3W

O
W

 

Ln 
0 0 

0 



Since the AA system can only have isospin zero, the only further.point 

vh:ch needs consideration is whether this decay mode is indeed a direct 

one. The procedure of comparison with data at 3CCO MeV is not useful 

here because of the small cross section involved. However Gilman has 

pointed Out that from an W(3) argument, one expects for states produced 

via an intermediate photon, 

IyE% + fx) 
r(G) 

=6/l . 

In fact, with 20 E events detected no clear-cut ?A, CT events have 

been observed and the above ratio is less than l/l, and hence far from 

6/l. It follows that the /ih decay is direct, and the $(3095) isospin is 

zero. 

(iii) p$ decay mode: 

Both the DESY-DASP and the SLAGLBL groups have detected the decay 

mode pp with branching ratio - 0.2% (see Table V). As pointed out by 

the DESY-DASP qroup,31 this branching ratio is far too large to be ~ccoun- 

ted for via a second-order electromagnetic process, using any reasonable 

form factor and extrapolating from lower energy observations. Hence the 

observed pp decay must be direct. Its isospin can only be zero or one, 

and since the latter is excluded by the Gparity analysis, the isospin 

must be zero. 

4. What about decay modes with the direct emission of L photon? 

Certain classes of models, namely those which involve the quantum 

number of color, predict that the dominant decay modes of the V(3095) 

are of the form, 

$( 3095) + hadrons + r . (30) 

The dominance of such decay modes could provide an alternative interpreta- 

tion of Fig. 22 if the missing neutral particle were in fact a photon 

0 rather than a x . Although for individual events with a low-mass missing 

neutral, the distinction between a y and a n 0 LS often impossible to make, 

the tz:ality of the data fit far more naturelly to a missing n ' hypothesis 

Table V. Decay modes of the @(3C95). 

Branching No. of events 
Mode 

e+e- 

P+P- 

lT+:n- 

on 

2n+2n- 

2n+2n-no 

3x+3- 

3n 
+ -0 

3x n 

4n+4n-n 0 

.+,I-K+K- 

2n+2n-K+K- 

K+K- 

KSKL 

K°Ko*(892) 

K'Ki*( 892) 

K°Ko*( 1420) 

KiKT*(14x)) 

K*"(892)ii*o(@2) 

Ic~(1420)i?"( 1420) 

K+O(892)K*'(142O) 

PP 

ratio ($5) 

6.pIto.g 

6.950.9 

< 0.032~ 

1.32 0.3 

0.4to.1 

4.0+ 1.0 

0.4kO.2 

2.9 f 0.7 

o.p_c0.3 

0.4AO.2 

0.3?0.1 

< 0.98 

< 0.02 

0.24tO.05 

0.31+0.07 

< 0.19 

< 0.19 

< 0.06 

< 0.18 

0.37+0.10 

0.2liO.o4 

0.25 * 0.07~ 

0.16*0.08 

0.37? 0.19 

observed 

c=. 2CCQ 

=a. 2coo 

153+ 13 

76+p 

675+40 

3257 

l&-+26 

13?4 

83+18 

bl 

57*12 

87*19 

s3 

23 

r3 

s3 

zw'ot7 

105+ 11 

19* 5 

a7+ 30 

Comments 

90% C.L. 

> 70% of n+n-no 

20% (M+II- 
( 3046 pnnn 

not including 
(K"(892)K*(1420) 

90% C.L. 

90% C.L. 

90% C.L. 

90% C.L. 

90% C.L. 

90% C.L. 

assuming 
( f(e) - 1 + cos2e 

%esults from DESY-DASP? Others are from SLAC-LBL.30 
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than to a missing photon hypothesis, as is clear from the following 

arguments : 

(i) The resolution in missing-mass-squared is roughly proportional to 

the momentum of the missing neutral. Thus for low-momentum neutrals the 

resolution is very good and clearly fits the missing no and not the miss- 

ing y hypothesis. men from study of the average of all events in Fig. 

21b, it is clear that the average missing-mass-squared fits much better 

to 0.02 ~e"~ than to zero. 

+-0 
(ii) A clear w signal (see Fig. 2j) is observed in the A II n effective 

- mass for the .+,-n+x x o final state. For those events, which amount to 

about 2c$ of the total, 0 the missing neutral is clearly a x . 

(iii) The decomposition of the n+n-r o final state into equal amounts of 

+- -+ 
and o O Pn, Pn p II is easily interpretable only if the missing neutral 

0 is a x . 

Thus while the existence at some level of decay nodes of the form 

(30) can certainly not be ruled out by the data, it is very unlikely that 

they account for any substantial fraction of a(3C95) decays, as predicted 

by color models. 

5. fiat about interference effects? 

In the analysis of the Gparity, we have not considered the effects 

of interference between direct and second-order electromagnetic decays. 

It is however a feature of the multipion final states that the electrc- 

magnetic decays are dominated by isovector amplitudes and even Gparity, 

whereas the direct decays exhibit the isoscalas and odd G-parity proper- 

ties of the $(3095). Thus there is almost no overlap between the final 

states, and interference effects are most likely small. 

6. IS the q(3095) an ~(3) singlet? 

(a) Predicted behavior on singlet hypothesis: 

I I I I 

0.5 1.0 I.5 2.0 2.5 3.0 

m k&!k*) 

Fig. 5. X+I-I* effective mass distribution from q(3095) + 2n+2xmn0, from 

SW-LBL data (urqublished). 

Consider first the decay mode 
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. 

where ~1,t.l~ are nonstrange mesons such that the charge conjugation quan- 

turn numbers C1,C2 of their neutral states are the same; i.e., Cl = C2. 

If Jr is a singlet, 11 = 12, and therefore it follows from (28) that 

G1 = G2 Hence G(q) = GlG2 =+l which of course is in conflict with 

the experimental Gparity determination G =- 1. One concludes that if 

the $ is aa isospin singlet, the above decay mode is forbidden by isospin 

conservation. Thus for example the decay modes n+n- or p+p- or nA2 are 

forbidden. Furthermore, since for an SU(3) singlet there is but a single 

decay amplitude, decay modes into other members of the same octets as the 

M1,N2 mesons above are forbidden by SU(3) symmetry. Thus the decay modes 

K+K-, \Ks, c * ~*(8go)~*(l3go), ~~((1420) are forbidden. 

Considering now the decay mode 

? - 
0 -+ MlM2 

where the only change from above is that Cl = - C2, one easily sees that 

-,uch decay modes are allowed for an SU( 3) singlet. However there is a 

definite rate relation, namely that all combinations of members from a 

given pair of octets are equally probable. Thus, for example, the rates 

+- 00 -+ 
forPn,Pn,Pn, K*+(8w)K-, K+K*-(890), K%**(890), f°K”0(89D), etc., 

are all predicted to be equal, except perhaps for small phase space and 

angular momentum barrier corrections. 

(b) Experimental Results: 

Table VI summarizes the situation with respect to tests of the W(3) 

singlet hypothesis for $( 3095). The decay modes which are predicted to 

be absent are indeed ilot observed although in some cases the upper limits 

are not terribly small. the ratio p+~*(890) is about a factor of 3 

higher than predicted by the singlet hypothesis, which is substantially 

more than can easily be accounted for by phase space and angular momentrim 

barrier corrections. The ratio pF//M, which is expected to be unity, seems 
(see Table v). 

to satisfy the prediction within the large UncertaintiesA Thus SU(3) sp 

metry, with the $(3G95) a singlet, seems approximately satisfied although 

Table VI. SW(j) singlet tests for rp( 3095). 

Relative SU( 3) Observed branching 
Decay mode singlet prediction ratioa 

Forbidden modes: 

n+n- 0 < 0.034 

K+K- 0 < 0.0 8% 

KLKS 0 < 0.02% 

x0( 892rK0(892) 0 < 0.06$ 

K*(1420)~*( 1420) 0 < 0.18% 

K’K’( 1420) 0 < 0.19% 

K*K*(l420) 0 < 0.19% 

Non-forbidden modes for comparison: 

K*K*( 892) 1 

K*K’( 892) 1 

K0(@2)Kc( 1420) no prediction 

PX 312 

0.24*0.05$ 

0.31* 0.07% 

0.37*0.10$ 

1.3+0.3% 

aThe x+x- and K+K- branching ratios are from DESY-DASP. 31 The others 

are from SLAGLBL. 30 
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there seems to be some breaking in the m, K*(8y)K final states. 

D. Hadrcnic Decay Modes of 9(36&l 

Table VII summarizes present information 30 on the decay modes of 

the v(m). The results can be best summarized as follows: 

(1) The dominant decay mode is the cascade decay% 

*(3684) + v(3095) +x . 

In about f%$ of these cascade decays, the X is a n+n- pair. Except for 

+-0 
a small fraction of q --t x I[ n or n+n-y decays, those states X which 

are not a+~- consist of only neutral particles, presumably x*x* for the 

most part. 

The data, from the SLAGLSL group, are shown in Figs. 26 and 27. 

In Fig. 26, showing for dimuon and dielectron final states the scatter 

plot of the positive momentum versus the negative momentum, the events 

lying on the 45’ bands arise from cascade decays with X consisting of 

only neutrals. The fact that these events lie on 45O bands of the form 

P+ + P- = constant implies that their effective mass is fixed (at 3095 

MeV) but their total momentum can vary depending on the mass of X and 

the decay angles. Figure 27a shows the Inclusive p+b- mass spectrum 

with clear ~(3684) and q(3095) peaks. Figure 27b shows the n+n- missing 

mass spectrum with the peak giving evidence for the ~[+II- g(3095) final 

state. Figure flc is that subset of Fig. 27b corresponding to &prong 

events of zero total charge and, within errors, zero missing momentum. 

The background-free peak corresponds to decays, 

$43684) + v(3095h+n- 
+- 

-+ p p or e+e- . 

The ratio, 

r[4(3684) + $4 3095) + neutrals1 

r[V(3684) --) V(3%) + anythi*gl 
(31) 

has been determined by the SLAC-LBL group to be 0.44-CO.03, the rather 

small uncertainty reflecting the fact that most systematic errors cancel 

I (a) e+e--e+e- 

.6 

1.2 1.4 1.6 1.8 
MOMENTUM P, (GeV/c) i 

Fig. 26. Momentum of positive lepton versus momentum of negative lepton for 

near-collinear 2-prong events from g(36BL). Dashed lines indicate 

cuts used to select direct decays of $(3684), from V. Lclth et al. 19 
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Fig. 27. (a) Inclusive ~-,+p- mass spectrum from q(3684). (b) Missing mass 

distribution recoiling againSt n+n-. (c).Same as (b) for k-prong, 

Q=O events with missing momentum and energy compatible with zero, 

from G. S. Abrams et al. 34 

Table VII. Branching ratios for V(3684) decay. 

Modes Branching ratio (%) comments 

e+e- or 1+p- 0.93to.1.6 

v( 3095) + anything 57*5 

v( 3095)n+x- 32+4 These decays included in 
fraction for *(3095) + 

v( 3095 )rl 4~2 anything 

p”no < 0.1 

2n+2n-no 
9% C.L. based on 

< 0.7 preliminary analysis 

PTj < 0.03 

n+n- < o.q* 

K+K- < 0.16~ 

*The ,I+x- and K+K- limits are from the DESY-DASP experiment. The other 

branching ratios are from the SIJLC-LBL data. Several of these have 

been independently determined by the DESY-DASP collaboration, and are 

in good agreement with the above values. 

Table VIII. Fine scan results. 

Storage ring 

ADONE 

Mass range (GeV) 

1.g10- 2.20 

2.20 - 2.545 

2.97 - 3.9 

SPEAR 3.2 - 3.5 

3.5 - 3.68 

3.72 -4.0 

4.0 -4.4 

4.4 -4.9 

4.9 -5.4 

5.4 -5.9 

5.9 - 7.6 

Upper limits 

I (nb-MeV) 

950 
660 

a30 

970 

780 

a50 

622 

580 

780 

a00 

i- (kev) 
e 

0.17 

o. 16 

0.33 

0.47 
0.44 

0.55 

0.47 

0.54 

0.90 

1.11 

0. a7 
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out in the ratio. If we assume that the neutrals consist largely of nono 

and neglect the q(m)1 final state, the above ratio is predicted to 

have a value of 0.33 if the nn isospin is zero, zero if the XI ieospin 

is one, and 0.67 if the *I ieospin is two. Takingac-ttbatthera 

00 
may be other neutral States than II n (specifically , -a n and possibly 

other m radiative cascades), the nn isospin zero is strongly preferred, 

from which it directly follows that the 9(368L) ale.0 has isospin zero. 

The most natural assumption for the XII amplitude in the @(395)nr, 

decay mode is that it is an S-wave. Preliminary studies of angular dis- 

tributions are consistent with this assignment. Hcwever the n+n- mass 

spectrum~shown in Fig. 28, departs substantially from phase space predic- 

tions, even nrodified for final state interactions, in that the low mass 

population is strongly suppressed. The correct interpretation of this 

behavior is an open question. 

Since the ratio (31) has a value larger than 0.33, the number expec- 

00. 
ted for x II in an isospin zero state, it becomes of interest to get some 

handle on what the other neutral objects accompanying v(3095) might be. 

III Fig. 3, the mass spectrum of all neutrals recoiling against $(3095) 

is shown. 
00 

Furthermore subtraction of the expected n n contribution 

calculated from .+r- using the isospin zero prediction leads to the 

shaded ppulation in Fig. 29. Besides a fairly clear q peak, there is 

a roughly uniform population whose interpretation is at present the sub- 

ject of considerable study. Of particular interest is the possibility 

that this decay mode is 

v(3@+) + v(995) + Yl + r2 , (3%) 

where the decay proceeds via an intermediate state, 

~(3684) -+ x + rl (3&) 

which itself then decays, 

x -+ *(3095) + T-2 * (32~) 

This question will be discussed again in the next lecture. 

0.2 0.3 0.4 0.5 0.6 0.7 

M(TT%-) ( GeV ) 

Fig. 28. II+II- mass spectrum from Q( 3684) -+ n+n-V(m). The curve is a 

phase space distribution corrected by the acceptance, from 3. A. 

Kadyk et al.35 
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Fig. 29. spectrum of missing mass recoiling against $(3095) for events of the (2) Both $ particles have I = 0, G =-1. 

type q(3684) + q(3q) + neutrals, ~(3095) + p+pm, from w. (3) There is no indication that single photon emission is the dominating 

Tanenhaum et a1.46 feature of $43095) decay. 

One final remark concerning the cascade mode is important. Consid- 

ering the available phase space for 9(36&h) 4 ~#(3095)nn relative to 

other possible decay modes, one is forced to conclude from the large 

branching ratio for that mode that it is nuch less inhibited than other 

hadron decay modes of either V particle. This emphasizes the necessarily 

close connection which must exist between $43684) and O(3095). 

(2) The question of the other decay modes of the @( 3684) is some- 

what puzzling. Figure 30 illustrates this in connection with four-prong 

events of zero total charge, and makes a comparison between $(3C95) and 

$(36&) decay modes. In particular Fig. 3Oa [V(3095) decay] and Fig. 3od 

[$(3684) non-cascade decay] show strong differences, such as the suppres- 

sion in the case of the 1p(36&) of the 2n+2n-n" decay mode which is very 

prominent in the q(3095) as the slanted band of points on the right side 

of Fig. 304. Thus although one might have naively expected that the 

partial widths for various hadTonic modes ought, because of increased 

phase space,tobeiLleast as large in V( 3684) as in $( 3095), this does 

not appear to be true. - The branching ratio measurements for various 

exclusive $(36&) decay modes are presently in progress, but it appears 

that the branching ratios for modes which are prominent in $(3095) decay 

are very small here. 

E. sumnary 

We can briefly summarize the main conclusions from data discussed 

in this lecture: 

(1) From both the photoproduction data and the study of the hadronic 

decay modes, the 0 particles appear to be hadrons. 

(4) The cascade decay, $(368+) + nn$(3095), is less inhibited than 

other hadron decay modes of either $ particles. 
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. ...: 

4PRONG EVENTS Q=O 

I .7 2.7 3.7 0.7 I .7 2.7 3.7 

TOTAL ENERGY OBS ( GeV) :,,,.11 

Fig. 30. scatter plots of missing momentum versus total observed energy for 

zero charge, &-prong events. (a) q( 3095) -L anything, (b) $(3684) 

--t anything, (c) y( 3684) + n+n-~(309C~), (d) @(?684) #+ n+n-g( 3095). 

FWII A. M. Boyarski et al. 30 

(5) The nowcascade g(3684) decay modes do not look like the dominant 

O(955) modes. 

. . 
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III. ARE THERE OTHER STATES IN THE NEW SPECTROSCOPY? 

+_ 
A. Search for Narrow Resonances Couplnd to e e 

only two narrow massive resonances have been established so far, 

the >(jO?;\ and :.($%). However the "fine-energy scan" operation mode 

already described in the first lecture has been used to search for other 
30,36 71 such states both at SPEAR and at ADONE. Such a scan can be used to set 

an upper limit to [see Eq. (4)] 

I z ,f irR 
2 

hadrons dW = &- (ZJ+l) 'e?hadrons 

2 I- 

If one ass.Des ; = 1, 7. . halrons'.lr = 13 

and therefore the scan sets an upper limrt to re for any narrow resonance. 

It is unportant to note that this technique which depends on the observa- 

tlon of a large resonant cross section at one or two nelqhborinq energies 

of the scan does not detect broad resonances. The resulting upper limits 

given ;n Table VIII cover, wzth the exception of a couple of holes, the 

energy reqlon between 1.91 and 7.6 GeV. There seem to be no additional 

states with values of i'e comparable to those of the already identified 

B. Search for wide Resonances Coupled to e+e- 

The results of measurements of vhadrons by e+e- annihilation are 

2bY3 
shown rn ng. 3:. Most of the data come from a not-so-fine scan with 

fa;riy substantial statlstlcs from 2.6 to 7.4 GeV by the SLAC-LBL group. 

There LS a clear structure at M = 410.2 MeV whxch, if Interpreted as a 

resonance, has a width r ii: a0 MeV. Assuming a spin J = 1, the value 

of l-'e as determined from (33) is about 4 keV, which is comparable to the 

value for the ~~.TJXM I# resonances as well as for the p, u) and 9. This 

structure is presently under extensive study, and nothing more can be 

said about It now except to note that it falls a bit higher than the 

.' yr 3 v _.x and would fit extremely well into a picture in which a new 
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Fig. 31. n(e+e- -a hadrons) and R versus total energy, from G. J. Feldm~.~~ 
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threshold were opening up between 3.7 and 4 GeV. If this threshold 

represents the masses of pa:rs of particles into which the 9's like to 

decay, one might be able to interpret why the lowest two states are very 

na+row and the state at 4103 MeV is quite broad. Such a picture would 

also explain in a natural way the increase in the ratio 

'hadrons i&E----- ,. 

seen in Frq. 31b from its value of about 2 below W = 3.5 GeV to its 

value of about 5 above W = 4.5 GeV. This question of the energy depend- 

ence of P is e\.rBently closel;i related to the new spectroscopy, but we 

have no tune here to dwell on it in any detail. 

C. The Charmed Quark 

To proceed further in discusslnq the evidence for new states, it is 

most convenient to introduce that model which has so far provided the 

most natural rnterpretation for the "arrow width of the 9-s. I shall do 

so here only to the extent and with the degree of detail necessary to 

interpret the experimental results leavlnq to Professor Harari the task 

of flllinq in further details. 

When Table I was ir.troduced I" the first lecture, we discussed only 

the u, d, s quarks listed I" the first three lines, which account for the 

states of tne "old spectroscopy." It is now desirable to introduce the 

fourth quark c which 1s an SU(3j slnqlet carrylnq a new additive gUa"tUm 

number, Charm. which, like stranqeness, is assumed to be conserved in all 

but the weak Interactions. One of the original motivations for introducing 

the charmed quark, long before the discovery of g's, was the nice symmetry 

Lt prov,d,x! hetw.~~n The tour known leptons and four quarks. 39 Further- 

more, as wrll be seen a 11ttl.e further, with an appropriate form of the 

weak mteractlon current. one could accolint for the large suppression of 

strangeness changing weak neutral currents relative to strangeness Co"- 

servlnq weak neutral currents. 40 

With the charmed quark, the baryon and meson states are still repre- 

sented by qqq and qx combinations, but the Gell-Mann/NishijiM formula 

becomes: 

Q=13+*/2+{C, (35) 

where C is the charm. Note that charmed particles (i.e., C + 0) have 

fractional hypercharqe. 

It 1s interesting to consider what new states are -de possible by 

the introduction of the charmed quark. This is discussed in detail in 

the review paper of Millard, Lee and P.osnex 41 and we confine ourselves 

here to showing in Table IX the additional meson states which contain at 

least one charmed quark. Since the V's couple to photons, they carat 

be particles with nonzero charm, but they can be interpreted as 'pc, 

vector bound states of c-6. In this picture, the very small width CL" be 

interpreted in terms of Zweig's rule, 4 as already described 

for the ordinary 'p, forbidding decays into the usual hations, the allowed 

decay modes being those into pairs of charmed mesons (in the sane SeNe 

that the allowed 9 decay is into a pair of K mesons). If the lightest 

charmed mesons have masses which are greater than 3684 = 1842 MeV, these 
2 

allowed decay modes are kinematically inaccessible and the long 0 life- 

times are at least qualitatively interpreted. In this picture the", the 

~(3095) represents a bound c? state with the saw quantum rmmbess and i" 

the same sense that the C$ represents a" s: state. The large q mass is 

interpreted 1" terms of a mass for the charmed quark which is much larger 

than the masses of the u, d, s quarks. If we consider quadratic mass 

formulas and take account of the fact that the D or F charmed mesons of 

Table IX would contain one c quark whereas the $I has two of them, a very 

simple estimate of the mass of a charmed meson would be obtained as fol- 

lOWS, 

2 2 
%,F - (in 

Q 
-q , 

hence <,? z 0.6 + $( 9.6 - 0.6) = 5 G=V2, "D,F a 2. 3 '%'. 

(36) 
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This figure satisfies the condition of being greater than 1842 M~V, 

and is in fact also a little too large to satisfy the condition for a 

threshold at about 4.0 GeV suggested by the data of Fig. 31. However, 

given the gross uncertainties of the estimate (36), there is no problem 

here. 

D. cZ Spectroscou 

In direct analogy with the usual quark model, one can construct low- 

lying meson states arising from bound c? quarks. These are shown In 

Table X. The l-- state is of course the V(395). The v(368L) is assumed 

to be a radial excitation, with the same L = 0, S = 1 as the v(3C95), 

on the grounds that the value of re is large enough to suggest a wave 

function which is nonvanishing at the origin. Although there is not 

enough knowledge to permit sure prediction of the masses of these states, 

Table IX. fieson states with P 1 charmed quark. 

Name 

Quark content Pseudoscalar Vector 1 Charm strangeness 
--v 

(a)+, (G) 
0 D+, Do D*+, D*" l/2 +1 0 

&I)", (cd)- 3 , D- ‘ii"O , DI- l/2 -1 0 

-+ 
c-1 F+ F ++ 0 +1 +1 

- - 
Cc*) F- F*- 0 -1 -1 

it seems reasonable to suppose that they mostly lie below the $(3@l+) (by 

analogy with the fact that corresponding states with u, d, s quarks lie 

below the p', the radial excitation of the p), and hence that they are 
Table X. Lowest lying CZ states. 

states of very narrow width. 

L S J PC 
G I Since the states other than the $ do not have the photon quantum 

- - 
-+ 

0 0 0 +1 0 M!lber*, it is not surprising that they are not directly formed in e+e- 

-- 
0 1 1 -1 0 annihilation and hence not found in the scans summarized in Table VIII. 

1 0 1+ -1 0 Other ways of searching for them is through their production in strong 

1 1 0" +1 0 interaction experiments, or via decays of V's formed in annihilation. 

++ 
1 1 1 +1 0 The problem in the strong interaction experiments arises from the fact 

1 1 2” +1 0 that it is difficult to set up experiments to search for decay modes more 

complex than two-body modes such as pTj, and that the product of cross 

section times branching ratio for such simple modes is likely to be so 

small as to be inseparable from the general twpbody hadronic background. 

In any case we postpone discussion of searches for narrow states produced 

by hadronic processes until Sec. E2. 

A perhaps more promising avenue for finding other 66 bound states is 

to look for them among decay products of the '$ particles. The combination 
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of isospin and G parity selection rules with the smallish (- a few hundred 

uev) mass differences expected do not allow much in the way of hadronic 

decay rodes, but electromagnetic decays with the emission of a monochro- 

matic photon are in principle possible for all even charge conjugation 

states in Table X. Since the overall widths of the Jr's are small, the 

branching ratios for such electromagnetic decays might well be sizable. 42 

The most natural supposition is that most of the states, particularly 

those with L = 1 lie above the +(3C95) and hence are best searched for 

in the decays of the $( 3684). 

At the time that these lectures were delivered, the only generally 

available result of such a search was that of the HEPL Group at SPEAR 43 

which detected and measured the energies of photons emitted in +(36&) 

decay by means of two NaI crystal spectrometers located on the two sides 

of the East Interaction Region. Results for photon energy spectra are 

shown in Fig. 32. The "unconverted" spectra are those of highest resolu- 

tion (4.5% FTWM), the "converted" spectra corresponding to resolutions 

varying from 13.5% FWKM at 100 MeV to 6% FWHM above I:CO MeV. The spectra 

of Fig. p are not truly inclusive because of trigger requirements and 

are convertible into upper limits for monochromatic photon production 

only in a somewhat model-dependent way. Although the HEPL group placed 

specific limits for specific photon energy ranges, it is probably adequate 

here to summarize their result as roughly 99% C.L. upper limits of 5-10s 

for the branching of JI( 3~84) t in o any particular decay which produces a 

monoenergetic photon between 600 and 75 MeV, the best limits corresponding 

to the highest photon energies. Obviously the sensitivity for a given 

resolution is limited by the no background which accounts for the spectra 

in Fig. 32. 

one way of decreasing the no background is to search for more specific 

sorts of decay modes for the states of interest in association with mono- 

chromatic gamma rays. A specific case in point has already been discussed, 

namely the cascade decay mode [see Eq. (32)], 

(b) / 

Fig. 32. Inclusive photon energy spectra produced in $(3684) decay; (a) 

converted events, (b) unconverted events, from J. W. Simpson et al. 43 
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9(3684) + Y. + rl 

I -+ *(3095) + r2 

+ p+p- or e+e- (32) 

44 
The DESY-DASP group has reported evidence for such a radiative cascade 

with the photon energies at 160 and 4m MeV indicating for the intermedi- 

ate a IWSS of either 3.52 or 3.26 GeV [depending on which photon energy 

corresponds to yl and which corresponds to y2 in (x2)]. Further details 

are given in H. Oberlack's talk at the Topical Conference.* It is however 

interesting to note that this process is consistent with the roughly 

uniform part of the shaded population shown in Fig. 3. The branching 

ratio for the decay mode (32) as estimated by the DASP group or from 

the data of Fig. 29 amounts to a few percent. Coupled with the above 

inclusive photon limits, it leads to the conclusion that the radiative 

decay to ~(3095) is a major or dominant decay mode of the particular 

intermediate state observed. 

Other possible decay modes of the intermediate states might be 

x -3 x+n-, ic+lc-, &+2x-, 3n+3n-, r[+n-K+K-, etc. 

Evidence for states at 3.41 and 3.53 GeV decaying via some of these modes 

has, after the end of these lectures, been reported by the SLAC-LBL 

group.45 Confirmation of the radiative cascade modes has also been 

provided.46 The interested reader is referred to the published papers 

and the Stanford symposium on Lepton and Photon Interactions for details. 

Here I Just want to make one further point. Although the discovery of 

such states is consistent with the charmed quark hypothesis it does not 

establish it in any sense. There is after all, on almost any model of 

the @ particles as hadrons, no reason to suppose that the spectroscopy 

PC -- 
is limited to J = 1 states. The real test of the charm hypothesis 

must come from the actual discovery of charmed particles decaying via 

the weak interaction. It is to the search for such particles that we 

now turn our attention. 
*[Material also covered by B. H. Wiik, "Recent Results from DORIS", 

Proceedings of 1975 International Symposium on Lepton and Photon 
Interactions at High Energies, Stanford Univ., Aug. 21-27, 1975. 

E. Charmed Particles 

1. Decay Properties of Charmed Particles 

The form of the weak interaction with the inclusion of charmed 

quarks is a subject of continuing theoretical interest. We consider 

here the form of the current proposed by Glashow et 40 al., 

J = CO[- d sin Bc + s ccs e,] + iiO[d ccs Bc + s sin ec] (37) 

where Ol~~(l+ y5) and Bc = Cabbibo angle. As pointed cut by 

Glashow et al. this current has the valuable property of cancelling out 

contributions from the strangeness-changing weak neutral currents while 

permitting the existence of strangeness-conserving weak neutral currents. 

The smallness of the Cabbibo angle Bc permits a useful hierarchy of decay 

amplitude strengths which are summarized in Table XI. Estimates of actual 

amplitudes and rates require more detailed considerations than provided 

by Table XI but general qualitative features can be obtained from the 

Table. In particular, the leading amplitudes (CDS Bc or cos 2 ec) in 

charm-changing decays are those for which CS = &. Thus from nonstrange 

charmed mesons, one would expect decays which favor production of a 

strange particle. Some typical preferred charmed meson decay modes and 

roughly estimared decay rates from Gaillard et al. 41 are given in Table 

XII. 

2. Search for States of Sharply Defined Mass Which are Decay 

Products of Charmed Particles 

Since charmed particles are long lived, they have sharply defined 

masses. One can search for them by measuring effective masses of various 

particle combinations detected in an appropriate apparatus. We consider 

such searches in both hadropinitiated and e+e- initiated final states. 

(a) Hadron Initiated Final States 

Typical experiments consist of magnetic spectrometers of good resolu- 

tion locking at final states of the form: 

hadron + nucleus + A+ + B- + anything 
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Table XI. Charmed particle decay selection rules. 

Amplitude dependence on 6C Selection Nles 

Leptonic or semileptonic decays 

co* ec &3=/x= 4= fl, lb1 = 0 

or Ass=& = 0, 4= fl, /I!?? = 1 

SLrl e C 
c!ss0,K54=~1 

or As = 4 = +_l, cc = 0 
[cz =$ 

Hadronic decays 

co* 2 ec 
As=rr = +1, I&? = 1 

co* ec sin fJc As= cl,Ec=?l, l&i! =$ 

or c.5 = 51, PC = 0, pq = a,; 

2 sin oc ns=-x=+1, !r;r'l =O,l 

Table XII, Examples of preferred charmed meson decay modes. 

Leptonlc 

F+ -+ I.I+Y 

Semileptonic 
2. 

D+ + i?e'v 

l- 

- log- 1010 set-l 

- loll-10 12 -1 
set 

F+ --f qe+Y 

iiadrgnic 

where A> B are ,I+, 
f K , p, 5 and may be the products of decays of the form 

D -.a A+ + B- . 

The difficulty in obtaining high sensitivity in such experiments is the 

very large background of hadron pairs A+B- of practically all kin-t- 

ically allowed masses. 47 For example, Winkelmann et al. have found that 

for 

+ 
n + p + x + II- + anything 

with 20: GeV incident pions, the total inclusive cross section for making 

JJ+P- pairs of invariant mass near 2.5 GeV is roughly 

da 5 f-z 15 p/w , 

which is of course a very large background, even for a spectrometer of 

high resolution. It is possible to greatly improve the sensitivity by 

searching for diparticle states which decay at about 90' relative to the 

beam dirxtion. Such states will have decay products of high transverse 

nom*ntur. and the continuous hadron background will be reduced by several 

orders of maqnitude. In this way it is possible to arrive at sensitivities 

for the detection of charmed particles of less than one microbarn. mere 

is further sensitivity improvement if Cerenkov counters are used for par- 

ticle identification. We now discuss two specific experiments. 

The MIT-BNL group has searched for narrow states in the mass range 

1.2- 5 GeV from combinations of n+, K+, p with n-, ii- , p produced by 

interactions of 30 GeV protons on beryllium. Typical results are shown 

in Figs. 33 and 14 for pp and K+x- respectively.@' NO significant signal 

has been detected, at least between 2 and 3.5 GeV where the SMlySiS has 

been completed, and the sensitivities vary from about 0.04 nb (n+K-, n+p 

at 5.1 GeVj to 40 nb (pi- at 2.25 GeV). This search can also serve to 

find not only charmed states, but also t-like states with quantum numbers 

different from the photon. The obvious difficulty of the search is well 

illustrated by the pp data; it is in fact known that the q(305) is 

produced and decays into pij with a branching ratio of 0.3; yet no signal 





15 sern because the sensitivity (0.4 nb) is insufficient by about t"o 

orders of magnitude. The lesson is that twebody branching ratios are 

probably small and unless cress sections are large, it is difficult to 

have an adequate SenSitiVity. 

49 At hiqher energy, the FNRLNorthwesterrrRochester-SLAC group have 

looked for similar two-body final States produced by collisions of 200 

Gev neutrons on beryllium. Looking for diffractive-like low multiplicity 

events (without benefit of Cerenkov countexs unlike the MIT-BNL group) 

they set typical upper limits of 150-50 nb far masses in the 2- 3.5 GeV 

There ha"<- been some searches into multiparticle final states, but 

with nuch less sensitivity. For example, Beltay et al. 50 report limits 

from 15 GeV incident n + III a hydrogen bubble chamber of the order of a 

few p for each channel studied. 

(b) e+e- Initiated Final States 

As "as noted in connection with the data of Fig. 31, the measured 

ratio ' = 'hadrons/' ~~ undergoes just above the mass of the $(3684) a 

rapid and substantial rise followed by the broad 4100 MeV structure. 

t?lrthermore there appear to be no nsrro" states of higher mass. The 

natural interpretation of this effect is the crossing of threshold for 

production of charmed meeon pairs around 4 GeV. mrthermore if one 

associates the change in R, AR = 2 with the productron of charmed particle 

pairs, one has in effective cross-section predictlo" for these pairs of 

e3"t SC. 
w' 

At W = 4.8 GeV, where substantial data have been accumulated, 

th:s cross section corresponds to roughly 7 nb out of a total cross section 

to hadrons of about 20 nb. 

The SLAC-LBL group has searched for narrow effective mass peaks in 

K+*?, K;n+x-, x+x-, K+K-, K7n+nF, Kg& 
+-f 

*xx states.- NO Cerenkov Or 

time-of-flight particle identification was available and Kg were identi- 

fied, with significant background, by cuts on xi+fl- effective mass. Typical 

mass resolutions for the above combinations were 80 MeV FWHM for t"c- 

particle and somewhat better for three-particle final states. The data 

are shown in Fig. 35. Typical results at the 90% confidence 

level, are as follo"s: 

1 3 a (l?n+, x"n+n-, Pn+n-) < 0.45 nb 

$0 (K+K-, n+n-) < 0.08 nb 

1 +ff --of 
-,o(xCn x , K n , K”nf) < 0.26 nb 

1 
2 

a (X"KT, l&c*, n+n-n+) < o. 38 nb , 

all in the mass range 1.85- 2.40 EeV. The factor l/2 is put in because 

the charmed particles are assumed to be produced in pairs, Thus typical 

branching ratios of the D mesone into preferred modes like Kx and tin 

appear small (5 lc$). Higher multiplicity, all-charged particle final 

states have also been searched for with no signal seen. It is interesting 

to note the absence of significant inclusive 9(3C95) production, which 

would be seen via its p+p- decay mode as a spike near 3.1 GeV in the fl+x- 

data. 

The nice feature of searching for charmed particles in the annihila- 

tion data is that there is a basis for predicting the cross section. 

Branching ratios can only be estimated in a model dependent way: but any 

future substantial improvements in the above upper limits may pose serious 

difficulties for charm models. 

3. Search for Evidence of Charmed Particle Production in Neutrino 

Processes 

(i) Manifestation via Apparent Violation of AS = & Rule 

Consider neutrinos incident on liquid hydrogen producing the reaction, 

-x 
YP --t fi Bc 

++ whereB c 
1s a charmed bazyon. According to Table XI a baryon 

with S = 0, C = + 1 can be produced via a sin 9 c amplitude. (Note that 

++ 
I&? = l/2 is satisfied because Bc is the I 3 = 1 member of an isovector 

state formed by the quark combination (cuu)++.) Referring again to Table 

++ 
XI, BC can decay to normal hadrons via a &S = & = - 1 transition with 
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a cos2 Bc amplitude, leaving a final hadron state of charge +2 and 

strangeness -1, hence a state which violates the A5 = CQ rule of usual 

weak interactions. 

A rather remarkable candidate for this sort of process has been 

reported from a BNL experiment with the T-foot bubble chamber F 
: 

(?I - 
v+p +!.I +hO+n++n + + 

+n +I- 

the mass of the final hadron state being 2426-+12 MeV. crucial to this 

interpretation is the absence of a K meson either as an undetected neutral, 

or as one of the observed positive particles. Unfortunately no really 

convincing case can be made from a single event of this sort. 

In a vp experiment in the FNAL 15-foot chamber with higher energy 

neutrinos,j3 two events with a A decay and no undetected neutrals have 

been observed; in both cases one of the accompanying positive particles 

wee required by the kinematics to be a K meson. As more data accumulate, 

it will be interesting to see if any more events of the type observed at 

BNL turn Up. 

(ii) Dimuon Production 

-++ 
Going back to our process vp -$ p Bc , the charmed baryon can undergo 

++ 
semileptonic decay, Bc + p+ + B+ + Y, where as required by Table XI, 

DC = i?Q = -1. This mechanism produces dimuons of opposite charge only 

with a cross section proportional to sin2 Bc. Thus toughly 59 of the 

charged current neutrino events of high energy might produce charmed 

particles, of which perhaps 16 would lead to semileptonic decays and 

hence mwn pairs. One might thus expect a muon pair rate of the order 

of 0.5%. The experimental difficulty in the observation of such events 

is of course to establish that the additional muons do not arise from 

decays of pions or kaons in the outgoing hadron jet. 

BenvenUti et al.54 have reported the observation of 14 events with 

+i+Li- pairs from v and r incident beams. The absence of dimuons of the 

same charge, plus studies of pI distributions lead this group to conclude 

that most of their events do not come from pion or kaon decay. Further- 

more the absence of trimuons suggest a missing Y or v as predicted above. 

The rate is about 0.9% of charged current neutrino events above 40 Gev, 

which is roughly consistent with expectations from the charm picture as 

discussed above. There are alternative interpretations such as +he 

production of heavy leptons decaying via p+b-v,-but the charm explanation 

seems to be preferred. Although indirect, these data may provide some of 

the best evidence for the existence of charmed particles. Hopefully 

neutrino bubble chamber experiments with neon-hydrogen fills aimed at 

searching for p-e (because electrons are easier to recognize in a neon- 

filled bubble chamber than muons) pairs may help firm up the Interpret& 

tion of the dimuon events. 

4. Other Methods of Searching for Charmed States 

Other approaches have been or are being pursued to search for charmed 

states or other new types of particles. These include: 

(i) Search for enhanced production of strange particles coupled to other 

symptoms of possible charm such as the presence of a lepton in a hadro- 
produced 

initiated process or being-just above the apparent threshold energy We& 

GeV in e+e- annihilation. 

(ii) Attempts at studying and understanding direct lepton producticr. in 

hadron processes. Such production appears to be in excess of the expecta- 

55 tions from p, (o, Q and $ production. 

(iii) Study of the production of pife' (plus undetected neutrals) in e*e- 

annihilation. A report on this work will be made by Martin Per1 in the 

Topical Conference. 

-13 (iv) Search for decays of lifetime * 10 set corresponding to flight 

paths of about 30 microns in photographic emulsion. The problem here is 

to establish that such events are not neutron stars or decays of A, XC: or 

<* This can be done if there are enough events, or if pairs of short- 

lived particles are observed. Several experiments of this sort are planned 

at Fermilab. 
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AS of this time, none of these approaches has yet given a conclusive 

charmed particle signal. 
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EVIDENCE FOR JET STMXLJRE IN HADRON 
+- 

PRODUCTION BY e e kNIKHIIATION* 

Gail Hanson 

Talk delivered at the SIAC Summer 
Institute on Particle Physics, July 29, 1975. 

ABSTRACT 

We have found evidence for jet structnre in events from the 

reaction efe- -+hadrons at center-of-mass energies (E c m ) of 6.2 . . 

and 7.4 GeV. Using the data at Ec m = 7.4 GeV, where the electron . . 

and positron beams are t-ransversely polarized, we find that the 

jets are produced with a most.ly transverse coupling characteristic 

of pairs of spin - l/2 particles. 
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One of the predictions of the parton model for electron-positron 

annihilation into hadrons is that at high enough energy the hadrons should 

be produced in oppositely-moving bursts usually called jets. L2,3,4 

Annihilation into hadrons occurs through the decay of the virtual photon 

into a pair of constituent partons which subsequently decay into hadrons. 

A jet structure then results due to the final-state hadrons maintaining 

the direction of the elementary constituents. The spins of the constituents 

can, in principle, be determined from the angular distribution of the jets. 

We have searched for jets using data taken with the SIAC/LRL magnetic 

detector at SFRAR. Events from the QJE reactions e+e- + e+e- and e+e- + 

s+!J- were recorded simultaneously with events from e+e- annihilation into hadrons 

The detector and the selection of events from the Q.EL reactions and from 

hadronic production have been described previously. 5,6 The detector sub- 

tended 0.65 x 4n sr with full acceptance in azimuthal angle and acceptance 

in polar angle from 50° to 130'. For this analysis we have used the large 

blocks of data at center-of-mass energies (EC-m.) of 3.0, 3.8, 4.8, 6.2, 

and 7.4 GeV. We used only theqe hadron events in which three or more 

particles were detected in order to avoid the problem of background 

contamination for events with only two charged tracks. 

We will now describe the method used to search'for jets. For each 

hadronic event we calculate the tensor 

T ag =c basP: - P; P;) 9 
i 

where the summation is over all detected charged particles and a and S 

refer to the 

has the same 

suggested in 

three components of each particle maneutum pi. This tensor 

e&gem-ectors (but not the sama eigemralues) as the tensor 

Ref. 3. We diagonalize T 
UP 

to obtain eigenwlues Xl, X2, 

and X 
3 

and eigewectors. The eigemralues are the sums of squares of 

transverse momenta with respect to the three eigenvector directions. 

The smallest eigenvalue X3 is the ma 'nimum sum of squares of transverse 

momenta. The eigenvector associated with X3 is thus the direction which 

minimizes the sums of squares of transverse momenta and is defined to be 

the reconstructed jet axis. In order to determine how jet-like an event 

is, we calculate a quantity which we call the sphericity: 

3x 
Sphericity = A + x3 + ,, = 

12 3 2XPf 
i ' 

The sphericity is always between 0 and 1. 

Since the detector covered less than the full solid angle and since 

neutral particles were not detected, Monte Carlo studies were needed to 

determine the distribution of sphericities for isotropic or jet-like 

distributions of particles. Two models were used to simulate particle 

distributions for e+e- annihilation into hadrons. In the first model 

(phase space) particles were produced with momentum and angular distri- 

butions according to invariant phase space. 'I'he second model (limited 

transverse momentum) simulates two-jet production by modifying phase space 

according to a matrix element squared (MS): 

- xp; ( d 2r2 

l,fJce i i , 
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where the sllmmation is over all particles, p li is the transverse momentum 

of the i th particle relative to a given axis,' and r is a parameter which 

is varied to give the desired mean p I' The axis can be given sny desired 

angular distribution. We used an angular distribution 

where @ is the polar angle with respect to the incident positron direction 

and -1 $ Q'S 1. In both models only pions (charged and neutral) were 

produced. The Monte Carlo simulation included the geometric acceptance, 

the trigger efficiency, and all other known inefficiencies of the detector. 

Both models were fit to give observed mean momenta and charged particle 

multiplicities which agreed with the data. 

The sphericity distributions for the data were then compared with the 

distributions predicted for the two models. The parameter r was determined 

by fitting the observed mean sphericity for the data at the highest energy 

(7.4 GeV). For lower energies the value of r was determined by requiring 

that the mean pI in the limited-transverse-momentum model be the ssme 

(315 MeV/c) as et 7.4 GeV. Alternatively, we could have varied r to fit 

the observed mean p 1 with respect to the reconstructed jet axis. The two 

methods gave consistent results. 

The observed mean sphnricities for the data are compared with the 

observed mesn sphericities predicted by the phase-space model and the 

limited-transverse-momentuin model in Fig. 1. The mean sphcricity for the 

data and for the limited-transverse-rn~~ntu~ model decreases as E c. m. 

increases while the predicted mean sphericity for the phase-space model 

increases. At Ec.m. = 3.0 GeV the observed :sphericity distribution agrees 

0.40 

0.38 

:: 
g 0.36 
f5 
2 v) 
5 0.34 

Y 
B 
6 0.32 

0.30 

0.28 

0 2 4 6 8 
EC.,,,. (GeV) 1.11.. 

Fig. 1 Observed mean sphericity versus center-of-mass energy Ec m 
. . 

for data, limited-transverse-momentum model with<pL> = 

315 MeV/c (solid curve), and phase-space model (dashed 
cur-w). 
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:. 

with the predictions of both the phase-space and the limited-transverse- 

xxaentm models. The observed sphericity distributions for Ec m = 3.0 GeV . . 

we shown in Fig. 2a. At higher Ec m the observed sphericity distributions . . 

agree with the predictions of the limit+d-transverse-momentum model. The 

observed sphericity distributions for Ec m = 6.2 tid 7.4 GeV are shown in . . 

Figs. 2b and 2c, respectively. The predictions of the two models are also 

shown. We wed a = 1 for the axis angular distribution for reasons to be 

discussed later. The agremnt of the observed sphericity distributions 

with the predictions of the limited-transverse-momentum model as agposed 

to the phase-space model is evidence for jet structure in the hadronic 

events. 

The evidence for jet structure is corroborated by the agreement of 

the distributions of the cosines of the angles between all pairs of par- 

ticles with the predictions of the limited-transverse-momentum model, as 

shown in Figs. 3a and 3b. The observed distributions of transverse momenta 

relative to the reconstructed jet axis are shown in Figs. 4a and 4b. There 

is scxne disagreement with the predictions of the limited-tramverse-momentum 

model at high pI, although the means of the distributions are nearly in 

agreement. The mean observed transverse momentum relative to the recon- 

structed jet axis was 240 2 lMeV/c at Ec m = 6.2 GeV and 245 2 1 &V/c . . 

at E c.m. = 7.k GeV, where the errors are statistical only. 

Figures 5a and .5b show the observed x distributions and predictions 

of the two models for E = 6.2 GeV and E c. m. C. n. = 7.4 GeV, respectively, 

where x is the scaling variable 2p/Et ~ and p is the particle momentum. 
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Fig. 2 Observed sphericity distributions for data, limited- 
transverse-momentum model with<pI> = 315 MeV/c (solid 
curves) and phase-space model (dashed curves) for 

la) Ec.m. = 3.0 GeV; (b) Ec.m. = 6.2 GeV; and (c) EC m = . . 
7.4 GeV. The distributions for the Monte Carlo models 
are normalized to the number of events in the data. 
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all pairs of particles for data, limited-transverse- 

momentum model (solid curves), and phase-space model 

(dashed curves) for (a) EC m . . = 6.2 G& and (b) Ed m = . . 
7.4 GeV. The distributions for the Monte Carlo models 

are normalized to the number of pairs of particles with 
cosine of di-particle angle < 0.96 in the data. 
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Fig. 4 Observed distributions of transverse momenta relative to 
reconstructed jet axis for data and limited-transverse- 

momentum model with<pL> = 34 MeV/c (solid curves) for 

(8) EC m = 6.2 GeV and (b) E = 7.4 GeV. 'Ihe distri- . . c.m. 
butions for the model are normalized to the number of 
particles in the data. 
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The lFmited-transverse-momentM model predicts x distributions which are 

in better agreement with the data than the predictions of the phase-space 

lll0del. The phase-space model predicts an X distribution which falLs off 

too rapidly for x > 0.4. The disagreement between the d&ta and the limited- 

transverse-momentum model for x > 0.8 may be due to inadequate estimation 

of the tails of the momentum resolution function in the Monte Carlo sim- 

ulation of the detector. 

One might wonder whether the lack of high momentum particles in the 

phase-space model is solely responsible for the high mean sphericity for 

the phase-space model as compared with the data. In Fig. 6a we show the 

sphericity distributions for the data and for the two models for those 

events in which the highest momentum particle had x 6 0.4 for EC m = . . 
7-4 WI. We thus avoid the high-x region where the two models disagree. 

The data is still in agreement with the limited-transverse-momentum 

model as opposed to the phase-space model. In Fig. 6b we show the sphericity 

0 0.4 0.8 1.2 0 0.4 0.8 1.2 distributions for all events in which the highest momentum particle had 

x = 2~/Ec.m. ,..cI x > 0.4. The data are in better agreement with the limited-transverse- 

momentum model than with the phase-space model. 

The observed jet structure in the hadronic events may be due to the 

Fig. 5 Observed x distributions for data, limited-transverse- 
momentum model (solid curves) and phase-space model 

(dashed curves) for (a) Ecem. = 6.2 GeV and (b) Ecam. = 
7.4 GeV. The distributions for the models are normalized 

to the number of particles in the data. 

production of resonances or new particles. However, the total cross section 

does not show evidence for new resonances for E 
c.m. b 4.8 GeV. We have looked 

at the mass distributions for particles in each jet by grouping those 

particles which have angles less than 9Oo or greater than 90' to the re- 

constructed jet axis. AU particles were assumed to have pion masses. 

Some of these distributions are shown in Figs. 7a.- 7c for EC m = 7.4 GeV. . . 

We see no evidence for copious resonance production; however, if the decays 
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Fig. 7 Observed distributions of jet masses (See text) at 

E = 7.4 GeV assuming pion masses for all particles 
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(c) +particle, charge - f 1 jets. The eurms indicate 
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of such resonances or particles often involve neutral particles, we would 

aaL eee them In theee mass distributions. 

At i:, m = 7.4 GeV the electron and positron beems are transversely . . 

polarized. The beam polarization has been measured using the QKO reaction 

e+e- +n'n- and has been found to be in agreement with the theoretical 

prediction.7 An azimuthal asymmetry in inclusive hadron production which 

increases with increasing x has been observed. 
8 The inclusive hadron 

azimuthal asymmetry shows the transverse coupling characteristic of pairs 

of spin - l/2 particles. In Fig. 8 we show the azimuthal asymmetry as a 

function of x for EC m = 7.4 GeV. The azimuthal asyxmaetry is defined to . . 

be (NW - WV)/(WW + I$,), where Wh is the number of particles with azimuthal 

angle less than 45’ to the plane of the storage ring (which is horizontal) 

and NV is the number of particles with azimuthal angle greater than 45’ to 

the plane of the ring. The inclusive hadron distribution in cos .9 shows 

an angular distribution proportional to 1 + 01 cos 
2 0 where a>, 0 and increases 

with increasing x. 
a That u is >, 0 can be inferred from the fact that the 

azimuthal asymmetry is >, 0. ' 

Since the hadron inclusive distribution shows an azimuthal asymmetry, 

Me recoxtructed jet axis should also show an azimuthal asymmetry. The 

distributions in azimuthal angle of the jet axis are shown in Figs. 9a 

and gb for Earn = 6.2 GeV and EC m. = 7.4 GeV, respectively. The azimuths1 

angle distribution of the jet axis at EC m = 6.2 GeV, where the polari- . . 

zation is small, 8 is flat. The azimuthal angle distribution of the jet, 

aXi at E c.m. = 7.4 GeV shows an asymmetry characteristic of the production 

of a pair of spin-l/2 particles. 

We used the limited-transverse-momentum Monte Carlo simulation to 

0.3 

0 
0 0.2 0.4 0.6 0.8 1.0 

x = 2~/Ec.m. 1111.1 

Fig. 8 Observed inclusive azimuthal asymmetry versus x for 
particles with [cos S[ < 0.6 in hadronic events at 
E c. m. = 7,4 GeV. The prediction of the limited-trariverse, 
momentum model Monte Carlo simulation for (r = 0.82 and 
P* = 0.47 is represented by the solid curve. The striped 
region represents the azimuthal asymmetry for e'+e- +n+p- 
for P2 = 0.47 + 0.05. 



I I I I I I 

400 
t 

E c.m. = 6.2 GeV (a> 

0 45 90 135 180 

AZIMUTHAL ANGLE OF JET AXIS 
(degrees) ln,*I 

Fig. 9 Observed distributions of jet axis azimuthal angles from 
the plane of the storage ring _ *or jetaxes with [cos 01 < 

0.6 for (a) Ec m = 6.2 GeV and (b) E c.m. = 7.4 GeV. 
. . 

d&ermine the azimuthal asymmetry expected for a pair of jets with angular 

distribution 

where 

'T - cL a=- ) 
'T + cL 

“T and oL are the transverse and longitudinal cross sections which describe 

the production of the jets, q~ is the azlkuthal angle from the plane of the 

ring, and P is the average magnitude of polarization of each beam. "" For 

the data at EC m = 7.4 GeV ?2 as determined from e+e- -+p+p- was 0.47 2 . . 
0.05. The obsel-ved azimuthal asymmetry of the jet axis for jet axes with 

lcos 01 ,< 0.6 was 0.11 r 0.01. From the limited-transverse-momentum model 

Monte Carlo simulation we found that the ratio of the observed to the pro- 

c3~~ci azimuthal asymmetry for ices 01 ,< 0.6 was 0.57 + 0.02 for values of 

P2 and a which gave observed azimuthal asymetries in agreement with the 

data. This reduction in asymmetry is due to the geometric acceptance and 

angular resolution of the detector and the fact that we did not detect 

neutral particles. In addition, our method of reconstructing the jet axis 

does not give exactly the produced jet axis even for perfect detection. 

Using the measured value of P*, the measured jet axis asymetry, the theo- 

retical produced jet axis asymmetry as a function ofP2 end a: (obtained by 

integrating Eq. (l)), and the ratio of produced to detected jet axis 

asyrmaetry from the Monte Carlo simulation, we determined Cr. We found 

a = 0.82 + 0.13 and oL/oT = 0.10 i 0.08. !?he errors are statistical only; 

however, we have estimated that the systematic errors are small compared 
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to the statistical errors. The jets are produced with mostly transverse 

coupling, characteristic of pairs of spin - l/2 particles. 

We also determined (Y by a maximum likelihood fit to Eq. (1) using 

the cos .9 and rp distributions of the reconstructed jet axis and P2 as 

determined from the data from e+e- +p+p-. 
8 Using only those events in 

which the highest momentum particle had x > 0.4 (27% of the data), we 

obtained by this method U = 0.84 2 0.11 and u,.,/oT = 0.09 + 0.07, which 

agrees with the first method. However, this method does not take into 

account the relationship between the produced jet axis and the reconstructed 

jet axis, and we made the rather arbitrary decision to use only events with 

the highest momentum particle having x > 0.4. (The cos e distribution of 

the reconstructed jet axis for events in which the highest momentum par- 

ticle has x < 0.2 agrees with sin2e, probably because the produced jet 

axis is outside the detector.) 

In Fig. 8 we show the prediction of the iimited-transverse-momentum 

model with axis given by Eq. (1) with P2 = 0.47 and (r = 0.82 for the 

azimuthal asymmetry as a function of x at Ecnm. = 7.4 GeV. The prediction 

agrees with the data. 

In conclusion, we have found evidence for jet structure in hadronic 

events from e+e- annihilation at Ec m = 6.2 and 7.4 GeV. Using the data . . 

taken with polarized beams at Ec m = 7.4 GeV, we have found that the jets . . 

are produced with a mostly transverse coupling characteristic of pairs of 

spin - l/2 particles. 
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REXENI EESULTS ON ELADtUX4 PRODUCl'IONAT SPEAR 

Charles C. Morehouse 
Stanford Linear Accelerator Center 

Introduction 

Contributions to this 1975 Summer Institute from the SIAC-LBL 

Magnetic Detector have been numerous and far-ranging in subject. From 

the Psi physics in the lectures of G. H. Trilling to the anomlous 

lepton production presented by M. L. Per1 and to the evfdence for Jet 

structure and beam polarization effects presented by G. Hanson we see 

an array of experimental observations which were not expected one year 

ago. I will attempt to update Magnetic Detector data not covered fn 

the above-mentioned presentations. I will discuss the cross section 

for e+e- -. hadrons over the energy range 2.4 GeV to 7.4 GeV in center 

of mass energy and the accompanying charge multiplicity and mean observed 

momentum. In addition I will discuss pion, kaon, and proton production 

with particular emphasis on scaling behavior and activity at the es 

and the 4.2 GeV region. Not covered in this report are data which are 

in preparation during this Suanneer Institute and will be presented at 

the Lepton-Photon Symposium'. These data include observations of cascade 

decays of the $(3684) and additional structure in the 4.2 GeV region. 

247 

, 



TOTAL-CROSS-SEmION 

All of the data I am presenting were taken in the SLA,C-LBL 

Magnetic Detector at SPEAR. An exploded view of the detector is shown 

in Fig. 1. Details of the detector can be found in the literature2. 

A review of event selection criteria and cuts is useful to present here. 

The detector trigger and subsequent selection required at least two 

charged prongs Ln the active volume of the cylindrical spark chambers, 

each of which fired the appropriate trigger counter-shower counter 

combination. There is an implicit range requirement of approximately 

0.15 GeV/c for pion prongs which penetrate to the shower counters and 

satisfy the trigger requirements. In the sample of events-with three 

or more prongs, we count as hadrons all events except those with two of 

the tracks colinear within 10’ and having large pulse height. These 

requirements remove e+e- final states (Bhabha events) with additional 

tracks from converted photons. From the sample of two prong events we 

count as hadrons those events whose two prongs were acoplanar by more 

than 20°, had low shower pulse heights, and had momenta 2 0.3 GeV/c. 

These criteria were meant to eliminate@, radiative Bhabha events; and 

0s two photon events which lead preferentially to two coplanar, low 

momentum prongs visible in our detector. 

We accept only those events whose vertex reconstructs to within 

4 cm of the interaction region. We correct for a loss due to this cut 

which averages 11% and which does not favor any mltiplicity or energy. 

A background due to beam-gas scattering is subtracted from the multi- 

hadron data. It averages 5% of the signal and is always less than S%. 

The two prong sample has been reduced by 2-87. to account for contami- 

nation from gamma-gamma events. The efficiency of the detector to 

trigger on multi-hadron events is computed2 by Monte Carlo techniques 

to be a smooth function of center of mass energy, rising from 0.4 at 3.0 

GeV to 0.6 at 7.4 GeV. Different models used in calculating the average 
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multiplicity appears to be compatible with a linear logarithmic rise 

with energy, Shown in Fig. 5 is the mean momentum observed in hadron 

events with at least three prongs. These data have not been corrected - 

for detection efficiency and do po& include NO prong events and are 

thus not to be taken as the average produced charged mmenta. A clear 

change in the mean observed momentum is seen in the data between 3.6 

and 4.8 GeV, exactly where the step in R occurs. This region of nearly 

constant mean charged momentum coupled with smoothly rising mean charged 

multiplicity is highly suggestive of an increase in unobserved energy, 

for instance neutral particle production. In order to arrive at a 

quantitative measure of the fraction of neutral energy to charged energy 

produced, a more complete model of the hadron production will have to be 

included in the detection efficiency calculations. To date we have 8 

production model including pious, etas, kaons, and nucleons, but It has 

not been fine-tuned and has yet to be used in detailed calculations of 

neutral to charged energy. Nevertheless the interesting structure in 

average momentum observed in the 4.2 GeV region is dynamical in origin 

and awaits more careful analysis only for a quantitative description. 

PARTICLE IDENTIFICATION 

Next we turn to kaon and nucleon production in the Magnetic Detector 

and the behavior of this production with energy. Particles in multi- 

prong events are identified by their momentum as measured in the cylin- 

drical spark chambers and by their time-of-flight to a cylindrical 

array of 48 Trigger Counters (see Fig. 1). These scintillation counters 

are viewed at both ends by photo-tubes whose output pulses are measured 

for arrival time and pulse height. The distance from the interaction 

region to the center of the trigger counters is 1.51 m. The resolution 

in flight time measurement (average of times of flight to both ends of 

ane counter) is determined from Bhabha events to be Q= 0.5 nsec. The 

flight time resolution and fli&t path can be used to calculate the 

0.7 

0.6 

0.5 

0.4 

0 
02345678 

E c.m. tGeV f 

Fig. 5 Mean Momentum Observed in Events with .23 Prongs. 
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maxi- momentum that allows a 30 separation of particle populations. 

But the fact that the populations to be separated differ greatly in 

numbers frustrates this analysis. IO practice we can separate pions 

from kaons below momenta of 9.6 GeV/c and kaons from protons below 

1.0 GeV/c. In determining particle fractions only negative particles 

were used. This is required because beam-gas scattering seriously and 

selectively contaminates the proton‘signal. Whereas the beam-gas 

background constitutes approximately 5% of the total cross section 

signal, since it preferentially contains a proton, the overall proton 

signal is nearly doubled by the beam-gas hsckground. In umeof the data 

presented in this report has there been sufficient center of mass energy 

to produce anti-protons by beam-gas scattering. (Actually taking Fermi 

motion of the complex gas nuclei into account, the threshold for proton 

anti-proton production is pushed down to about 2.8 GeV beam energy, but 

this provides us negligible background). 

The raw data on particle identification is presented in Fig. 6 as 

a scatterplot of mass squared versus momentum for negative prongs in 

events with at least three charged prongs. Clearly seen are bands in 

mass square corresponding to pions, ksons, and anti-protons. The raw 

populations have to be corrected for triggering efficiencies, and in the 

case of the kaons for decay,in flight. The kaon decay correction is 

strongly momentum dependent, ranging from above a factor of 3 at 0.15 

GeV/c to a factor of 1.3 at 0.55 GeV/c. (See Table I). 

The trigger efficiency correction adjusts for the probability that 

an event containing a pion, kaon, or proton of given momentum will 

actually trigger the detector. This probability is calculated using a 

phase space production model for the configuration of the final state 

hadrons. The heavy particles are introduced in the Monte Carlo in three 

+ 
groups : Pions and etas (r, {, 9, r#~), kaons (K+, K-, K', ?), and 

nucleon6 (p, i;, n, G). A multiplicity is chosen for each event according 

Table I 

Pion and Kaon Inclusive Detection Efficiencies and Kaon Decay Correction 

Momentum 3.0 GeV 3.8 rev 4.8 GeV Kaon 0 Decay 
Efficiencies Efficiencies Efficiencies Correction 
- aPp¶ Pion PiOIl K.¶OU Pion Km* ---- 

0.1-0.2 0.39 0.29 0.45 0.34 0.50 0.44 3.2 

0.2-0.3 0.43 0.33 0.48 0.42 0.54 0.48 2.0 

0.3-0.4 0.42 0.34 0.48 0.43 0.54 0.51 1.6 

0.4-0.5 0.40 0.33 0.47 0.43 0.53 0.51 1.4 

0.5-0.6 0.38 0.32 0.46 0.42 0.52 0.49 1.3 

252 



z 
3 g 0.6 

oat----’ 
* -0.25 0.00 0.25 0.50 0.75 1.00 

MASS SQUARED (GeV/c2) 211,AP 

Fig. 6 mss Squared vs Momentum of Particles in Events with 13 Prongs. 

to a Poisson distribution and the charge multiplicity is adjusted by 

varying the fraction of charged pions to neutral pions and @tas. With 

the total multiplicity, charged multiplicity, end particle types set 

an event is generated with angle end momentum distributions determined 

by phase space. Two characteristics emerge from these calculations; 

first, the model reproduces the observed kaon distributions end multi- 

plicity of @vents containing kaons but second, it does not well repro- 

duce the nucleon production. Thus from the F!onte Carlo we have a 

reliable estimation of the efficiency for detection of events containing 

kaons. For nucleon events we must resort to a less precise estimation 

of detection efficiency. It-should be noted however that statistical 

errors in detected anti-protons dominate the uncertainties in estimating 

the anti-nucleon detection efficiency. 

The trigger efficiency corrections are smoothly dependent upon the 

momentum of the particle in question and the total center of mass energy. 

Table I includes the trigger efficiency correction for pions end kaons. 

For anti-protons we have used 0.2 and 0.3 for trigger efficiency correc- 

tion et center of mass energies of 3.0 GeV and 4.8 GeV. For the 6.2 

GeV end 7.4 GeV date where we do not yet have detailed Monte Carlo studies 

we have used the 4.8 GeV efficiencies. This may introduce some system- 

atic error, but since the efficiencies ere leveling off with center of 

mass energy even et 4.8 GeV the effect will be small end is probably 

overwhelmed by other effects to be discussed shortly. 

The errors shown in Figs. 7-13 are statistical combined in quadra- 

ture with the estimation of error in separating the particle populations 

at each point. In addition are added in quadrature the estimated point- 

to-point fluctuations in the trigger efficiency corrections end in the 

case of the kaons, the uncertainty in the decay corrections. The largest 

systematic errors arise from the Monte Carlo calculations of the trigger 

efficiency corrections and are estimated to be less than 15% for the 
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.pions and kaons, but possibly as high as 257. for the anti-protons. 

These systematic errors could produce overall shifts of the data or 

smooth trends in momentum or energy but will not induce abrupt changes 

in the data. They do not affect the conclusions I wish to draw from 

the data. 

we see in Fig.' 7 and Table II the yield of pions, kaons and 

nucleons, dU/dp, as a function of momentum at Ecm - 4.8 GeV. The data 

have all corrections applied and are the produced particle yields. A 

factor of two has been applied to account for the fact that only negative 

prongs are analyzed. (We have compared positive and negative pion and 

kaon counts at a few points and obtained good agreement). In Fig. 7 one 

sees that the pion yield peaks at 0.2-0.3 GeV/c while the kaon and 

nucleon yields peak at much higher momentum values. The kson and pion 

yields are approaching one another, but just how closely they approach 

can not be extrapolated from our data. Data at other energies are 

similar to the 4.8 GeV data, except for the magnitudes of the cross 

sections. 

A remarkable feature of the particle production data appears when 

we calculate the production into equal volumes of invariant phase space. 

Figs. 8a-8c and Table III show this "invariant cross section", 

d30/(d3p/E), versus particle energy for 3.0 GeV, 4.8 GeV and 7.4 GeV. 

At all three energies an exponential, exp (-E/0.19 GeV), seems to tie 

the pion, kaon, and nucleon cross sections together. The kaons, while 

starting off below the line, rise up to the exponential line as their 

energy increases. It is remarkable that the pion invariant cross section 

can be projected two orders of magnitude down in cross section to predict 

the nucleon invariant cross section. The curves suggest that the 

invariant cross section depends only upon the individual particle's 

=*=rgy. It does not appear that the kaons or nucleons are produced 

as correlated pairs, but are distributed individually in total energy 

according to the exponential law. It is amazing that the same exponential 

CHARGED PARTICLE YIELDS 
E c.m.= 4.8 GeV 

* 
* 

* * 

07T 

xK 
A P 

0 0.2 0.4 0.6 0.8 1.0 
MOMENTUM (GeVk) ~IoI*. 

Fig. 7 duldp for Ecm = 4.8 GeV. 
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Table II Table II Cont. 

Pion and Kaon Inclusive Cross Sectti and Particle Ratros Pion and Kaon Inclusive Cross Sections and Particle Ratios 

Ecm - 3.0 GeV du/dp (nb/GeV/c) Particle Ratios 
Momentum (GeV/c) Pion Kaon Pion Kaon - - - 

Ecm = 6.2 GeV 
Momentum (GeV/c) 

do/dp (*b/G&/c) Particle Ratios 
g&g Kaon Pion Kaon 

77.221.1 0 l.Oc&O2 0 

88.221.4 5.021.0 .95+.02 .OS+.Ol 

83.e1.5 6.7~1.4 .92+.02 .07-.02 

67.421.7 11.352.0 .?34+.03 .+.03 

53.2i1.9 14.322.5 .762.04 .21+.04 

0.1-0.2 

0.2-0.3 

0.3-0.4 

0.4-0.5 

0.5-0.6 

Ecm = 3.8 GeV 

.Ol-.02 

.02-.03 

.03-.04 

.04-.05 

.05-.06 

Ecm = 4.8 GeV 

.Ol-.02 

.02-.03 

.03-.04 

.04-.05 

.05-.06 

99.qt1.6 0 l.OO&.Ol 0 

146.522.7 4.422.2 .97+.02 .03+.02 

134.e3.6 25.025.3 .s3+.04 .lb+_.O3 

111.423.4 25.725.1 .8O&.OL .l~.OL, 

71.1+3.6 23.4k5.4 .74+.Ob .:b+.:)n 

103.321.7 0 1.00+.02 0 

153.722.8 10.221.9 .94+_.0: .fltY+.Ci: 

139.922.8 15.422.5 .89t.O2 .i3+.02 

105.e3.1 24.05.2 .80+_.04 .18+.03 

78.723.2 29.2+4.6 .71&.05 .27~.04 

108.421.6 0 l.OO~.Ol 0 

133.622.3 8.721.4 .94+.02 .0ci+.o1 

121.422.3 14.422.0 .a~.02 .11+.01 

95.y2.4 22.322.9 .802.03 .19+.03 

65.3k2.5 24.e3.6 .712.04 .26k.Q4 

0.1-0.2 

0.2-0.3 

o-3-0.4 

0.4-0.5 

0.5-0.6 

Ecm = 7.4 GeV 

0.1-0.2 

0.2-0.3 

0.3-0.4 

0.4-0.5 

0.5-0.6 

Ecm = 3.089 (I+@ 

0.1-0.2 

O-2-0.3 

0.3-0.4 

o-4-0.5 

0.5-0.6 

67.221.1 0 1.00+.02 0 

79.621.2 3.1s.8 .96+.02 .04+.01 

73.251.3 5.021.0 .93+.02 .0+.02 

59.921.8 6.221.0 .892.04 .09+.03 

46.321.7 7.421.2 .83+.05 .13y.o4 

13912+214 0 1.00+.02 0 

23973+391 665291 0972.02 .032.01 

23072+417 19962357 .91+.03 .OS~.OZ 

18786+413 2535396 .872.03 .1t+.o3 

13575+_387 2371+5X? .e3+.04 .L5+.04 



Table III Table III Cont. 

Pion end Kaon Invariant and Scaling Cross Sections Pion and Kaon Invariant and Scaling Cross Sections 

Ecm = 3.0 GeV 
Momentum 

(G&'/c) 

0.1-o-2 

O-2-0.3 

0.3-0.4 

0.4-0.5 

0.5-0.6 

Ecm = 3.8 GeV 

0.1-0.2 

0.2-0.3 

0.3-0.4 

O.&O.5 

0.5-0.6 

Ecm = 4.8 GeV 

0.1-0.2 

o-2-0.3 

0.3-0.4 

0.4-0.5 

0.5-0.6 

71.q1.1 0 

53.451.0 3.121.6 

33.cfJ.9 9.e2.1 

20.6+J.6 6.721.3 

1o.eo.5 4.621.1 

Sduldx (nb.G& 
Pi/Xl Kaon -- 

1852229 0 

227432 133ti7 

1959+52 5841125 

1575+49 5ls+lO2 

99e50 429-98 

74.el.2 0 3926+5 0 

56.el.O 7.221.4 4&68+_89 621+117 

34.3f3.7 6.121.0 413% 7332117 

19.6-fl.6 6.3+1.1 304-v 98@169 

11.8+0.5 5.75.9 222051 10785170 

7.S.til.l 0 

48.75.9 6.2fl.O 

29.7s.6 5.75-a 

17.e.4 5.9ca.s 

9.8$.4 4.75.7 

8305+121 0 

8496+_148 1074~170 

723el39 1380+_187 

5555+_136 183e238 

3729+_144 17Se264 

KaOll 
Ecm - 6.2 GeV 

I4omentm 
(GeV/c) 

0.1-0.2 5s.q.a 0 

O-2-0.3 32.2s.5 3.5s.7 

0.3-0.4 20.5c_O.4 2.e.6 

0.4-0.5 12.55.3 3.0+0.5 

0.5-0.6 7.e.3 2.m.5 

Ecm = 7.4 GeV 

0.1-0.2 

0.2-0.3 

0.3-0.4 

0.4-0.5 

0.5-0.6 

@.7+0.6 0 18864+303 0 

29.7s.4 2.2s.6 18530+300 13922351 

17.9co.3 2.OfJ.6 1599%2S3 1738+_300 

11.1+0.3 l.e.6 12707i373 1852400 

6.v.3 .1.4+0.5 9684+352 2022+400 

d30/d3p/E (nb/W2/c3) sd=/dx hb&eV21 
PiOil Kaon Pion . Kaon- -m 

12750(-188 0 

1208s+l67 13le264 

10758+_192 1378+295 

S416+208 19942359 

654e227 2288+-398 
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slope applies to center of mass energies 3.0 GeV and 7.4 GeV since at 

3.0 GeV nearly half the available energy is absorbed in nucleon masses 

when nucleons are produced. The exponential behavior of the invariant 

cross section is expected in thermodynamic or hydrodynamic models of 

hadron production3. The slope of the exponential in these models is 

interpreted as a measure of a universal 'hadronic temperature", which 

is 0.19 GeV in the case of our data. We have not fit the data by 

computer for this parameter, only drawn reasonable straight lines. 

Lest we think that particle production in multi-hadron events is 

simply described by a single exponential parameter, Fig. 9 shows that 

invariant cross section for all prongs in multi-hadron events assuming 

4 
the pion mass for each prong . A sharp break away from the simple expo- 

nential is see" at a momentum of approximately 1.2 GeV/c. Unfortunately 

our particle identification does not extend into this momentum region. 

It is obvious that particle identification must be extended through and 

beyond 1.2 GeV/c momentum with good enough statistics to see the break, 

if it persists, in the different particle species. Whatever the impor- 

tance of this break in the invariant cross section , the fact that 

production of pions, kaons and nucleons follows a simple exponential 

behavior in the energy range where we are able to perform particle 

identification is of clear importance. The data are trying to "tell 

us something". 

Consider now the data plotted according to a "scaling cross section", 

Sdo/dx, where & = total center of mass energy, X = 2E/& or X is the 

fraction of maximum available energy possessed by the measured particle. 

SdU/dx is expected to scale, i.e., be independent of center of mass 

energy, in many quark models of hadron production in electron positron 

annihilatiod. Fig. 10 show the behavior of the scaling cross section 

at three center of m3ss energies assuming that each prong detected is a 

pion4. We see that above X = 0.5 the three cross sections do scale, and 

Inn - --- 

a bn u-0 
W 

0.1 
t 

l &=4.8 GeV 

D Js=3.8 GeV 
A Js=3.0 GeV 

b 
0.01 ’ I I I I -I 

0 0.5 1.0 1.5 2.0 2.5 3.0 
p fGeV/c) Il.“. 

Fig. 9 Invariant Cross Sections d30/d3p/E (Pion Mass Assumed for Each 

Prong). 
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Fig. 10 Scaling Cross Sections Sdc/dx (Pion Hass Assuned for each Prong). 

in fact as the center of mass energy is raised the scaling appears to 

set in at lower values of x. A natural question arises once one one 

identifies the produced particles: Do the individual particles scale 

similarly? Figures lla-lie and Table III contain the answer to that 

question. On each of the figures is drawn the same solFd curve (hand 

drawn, not fitted) and as is seen there is a scaling in the individual 

particle types which holds at least epproxinrately over the whole energy 

Z3”ge. Again it is remarkable that the pion yield at 7.4 GeV can be 

used to predict the nucleon cross section, nearly three orders of msg- 

nitude away, at 3.0 GeV. Unfortunately again we don’t identify particles 

over a wide momentum range and can not test this very suggestive scaling 

more thoroughly. We must await experiments with better measurements of 

particle velocity and high statistics. The approximate scaling in the 

data we have should provide us with the impetus to mount such difficult 

experiments. 

A popular method of presenting the identified particle data, and 

one that allows for comparison with other experiments, is in terms of 

particle fractions. That is, the fraction of produced prongs which are 

pions, kaons and nucleons. Our data in which we identify only negative 

prongs are in reality negative particle fractions. Fig. 12 and Table II 

show the negative particle fractions for six energies, including the $’ 

res0*a*ce. (The pion fractions are not plotted, as they are l-fk-fp). 

At each energy the kaon fraction rises steadily with momentum, and the 

anti-proton fraction hovers around 57. over a wide momentum range. Study 

of do/dp for pions and kaons (Fig. 7) indicates that much of the rise 

in the kaon fracrion at the higher momenta is due to the falling of the 

dominant pion cross section while the actual kson cross section changes 

little. One would expect, from the various scaling curves chat the kaon 

cross section, dU/dp, would begin to fall and that the particle ratios 

for kaons would stabilize for kaons of momentum above 0.5 GeV/c. 
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Fig. lie Scaling Cross Section Sdu/dx for Ecm = 7.4 GeV 

Unfortunately our particle identification does not extend mch into this 

region and we are left with what is certainly a false impression of a 

kaon ratio rising steadily with momentum. 

At this point a comparison which other storage ring data on particle 

identification can be made. A Maryland-Pavia-Princeton collaboration6 

have measured the fraction of kaons at 4.0 GeV center of msss energy 

to be 0.21 2 0.06 for momenta above 1.1 GeV. Thus the upward trend of 

our kaon fractions seems to have to correct itself before 1.1 GeVfc. 

A more disturbing comparison is to be rade with kson fracri3ns from the 

DASP7 collaboration at DORIS. Comparing our data with the DASP data at 

the $, our only common data as yet, we find that the kaon fractions from 

DASP are consistently lower than our kaon fractions. The source of this 

discrepancy, which can not be explained by statistics, is presently not 

understood. 

With particle identification we can study the average occurrence 

of negative kaons and anti-protons in the multi-hadron events. Again 

we will be frustrated by the fact that we have momentum limits above 

which we can not identify the particle types. Thus the data will be 

the average occurrence of negative kaons and anti-protons, of momenta 

below their respective identification limits, in the multi-hadron events. 

These data will not give reliable rates of occurrence for the whole 

momentum spectrum of kaons and nucleons since we don't know the shape 

of these spectra above where we can measure them. Also since the average 

momentum per prong increases with increasing center of msss energy, there 

will be a steady decrease in the fraction of the whole spectrum of kaons 

and nucleons identified as the center of mass energy increases. Never- 

theless one can study the negative kaons and anti-protons per event and 

search for sudden changes with energy. In fact mny Charm quark models 

expect a dramatic increase in strange particle production in the 4.2 GeV 

8 region . In Fig. 13 are plotted the occurrence per event of negative 
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Fig. 12 Negative Particle Fractions. 
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kaons with momenta less thsn 0.6 GeV/c and anti-protons with moments 

less than 1.0 GeV/c. 

It is clear that there is no dramatic increase in kaon production 

in the 4.2 GeV region. The data allow for an increase from 0.15 to 

0.17 at 4.2 GeV and disagree with a sharp increase of charged kaon 

production. A surprising result is that at the @and $'I we actually 

encounter a decrease in identified kaons: Since we identify particles 

over limited momentum ranges this effect could be caused by a distortion 

of the kaon momentum spectrum, in itself a very interesting possibility. 

At the same time the kaon production decreases at the @aand fi", the 

anti-proton production shows no change. Thus the reluctance of the @ 

and @ to produce ksons seems based upon their strangeness and not on 

their zass. This is a very odd behavior indeed for particles which in 

the Charm picture are made up of Charmed quarks which themselves couple 

preferentially to strange quarks. Again we are frustrated by our ina- 

bility to identify particles above the fixed momentum limits and our 

data must not be interpreted as the occurrence of all negative kaons 

and nucleons in our multi-prong events. New experiments with different 

particle identification and high statistics will have to be performed 

to produce complete charged particle spectra. It is possible to inves- 

tigate the momentum spectrum of the short-lived neutral kaon up to much 

higher momenta than we can identify charged kaons. This effort is 

underway in the SLAC-LBL collaboration and results will be forthcoming. 

SUMMARY 

During the last year in addition to the @particles and the new 

spectroscopy, unveiling of Jet structure, and discovery of e-p events, 

we also have been making progress on more conventional fronts. The 

ratio R now shows a step in the 4.2 GeV region, with resonance behavior 

superimposed on the step. Through the transition region the smooth 

average charge multiplicity and suspicious average observed momentum 

suggest interesting changes in neutral particle production. In the 

momentum region where we can identify charged hadrons, we see very 

intriguing behavior of the invariant cross section with center of mass 

energy namely an apparently constant "hadron production temperature" 

for hadrons with momenta below approximately 1.2 GeVfc. At the same 

time the individual particle species seem separately to obey a scaling 

in Sdo/dx. Finally in the study of the occurrence of negative kaons 

and anti-protons in each event, even though we observe a truncated 

spectrum of each particle, we can look for abrupt changes as a function 

of center of mass energy. We observe no large change in the kaons in 

the 4.2 GeV region but we do see a suppression of kaon production at 

the ti and JI'. The anti-proton production shows no indication of struc- 

ture similar to the kaon production at the $and IL'. 

We storage ring experimenters have enjoyed one fantastic year. I 

am sure we all can count on a solution of some of the puzzles during 

the coming year and with a little luck, some more exciting discoveries. 
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EIOTOPRCDUCTION OF PSI PARTICLF3 AID A SJ?AFK!E 
FOR NE% PARTICLES AT SLAC" 

R. Prepost - 

University of Wisconsin, Madison, Wisconsin, USA 

This talk is a description of the SLAC experiment on 

the photoproduction of psi particles which included a brief 

search for charmed particles, and a short description of a 

Cornell messurement of q(3.1) photoprcduction. The talk is 

organized as follows: 

I.GENERALREMARKS ABCXJTPSIWoTopRcDUC!TI~ 

II. FBoTOPRcDucTIONMEA- 
III. TBESLACEXPERlMEtNf 

Iv. TEETC~MEA~ 
V. SOME QUJ?Sl'IoruSRAISED BYTEE PSI WUl'OPRQXJCTION 

RESULTS 

I. GEKERALREMARKS ABOUT PSI RI'Jl?OPR(XXJCI'ION 

Before any photoproduction of ysi particles had been measured, one 

only knew that the psi particles were produced in e+e- smihilaticm and 

in proton-beryllium collisions. What then, would be possible #&qwo- 

duction mechenisns, knowing nothing else about the psi particles? Sweml 

possibilities are readily suggested: 

1. Weak production -The psi only has weak and electrapagnetic 
interactions. 

2. Pair production - For 8011~ reason the 9's are only made in 
pairs, perhaps electromagnetically. 

3. Non-diffractive hadron production like the I or K. 

4. Diffractive production like the p, UJ, and 9. 
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Of the above posslbllities (1) and (2) do not lead to any meaeumble 

production cxwe ~ectioaa end 80 you ccul forgt about them from an exper- 

hent.6.l etmdpofnt. (3) is possible, bat (4) is far more attractive 

since the N3J.) is knuua to be a l- state, end since the picture works 

well for the other vector aesm.8. Explicitly, the picture is 

where $phutcfaoaudlon Is conjecturedtobe related to $I4 elastic scat- 

tering via the relation: 

addt(?'N + 1) = au/at(yEl l N?) . 

lY$+ ee IS the V partial rate into e+e as meas- by the starage ring 

exp5riaents. Pllttiag in the best experinrsntal nambers gives 

ao/at(ym + WI) = 6.3 x 10 -4 du/at(m + JRJ). 

The general idea is didYrective production so it is reasonable to relate 

the elastic soatteringtoatotal cross sectimvLathe optIcal theorem. 

Explicitly: 

so similar sumssiou factors of the A and c quarks relative to the p, 

n quarks should be at work. consequently, yp -8 9p is tile reference moss 

section. 

Experimentally we know that 

do/dt(yp -B 9p) * 2500 exp(5t) nb/(GeV/c)2 

independent of energy. The %(9N) extracted from the above cross sac-. 

tion and the r 0 + ee rate is uTm(9N)" 9 mb canpared to uTm(pN) = 28 ab. 

Consequemly, if $ and Jr' are hadrone and produced like 9 mesons with 

comparable suppression factors, the photoproduction cross section waild 

be readily measurable. The observation of such a cross section wwld 

mean that V and 9' are very likely to be hadrons. 

II. wuroFmDucrIaim~ 

Speaking in very general tems for a few minutes, consider the kind 

of measumaents one can, in principle, make in a photoproduction experiment. 

One can measure in principle: 

1. Exclusive woes sections as a function of 8 and t frm nucleon 

and nuclear targets. 

2. Inclusive cross sections as a function of 8, pL, and p,, from 

nucleon and nuclear targets. 

3. A dependence from nuclear targets (with sufficient precision to 

extract new information). 

4. Phase of the production amplitude via interference measumnents. 

5. The polarization state of the produced pertidle, i.e., demlty 

matrix element determination with both unpolarized and polarized 

photon beams. 
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Of the abow, for psi production, only a mixture of (1) and (2) have 2. Can operate at full SLAC beam intensity with cross section 

actually been undertaken. (3) 9 . re uires high precision and has not been sensitivity of = 10-35cm2 for electron pairs. 

done. (4) will probably never be done, at least in the classic way by 3. small mass acceptance (AM/M = 5% FWIIM). 

interference with Bethe-Heitler pair production, and for (5) there is no 4. 12-inch Deuterium and Hydrogen targets. 

information although experiments should get there eventually. The sort 5. Good photon energy resolution by working near end point. 

of questions that can be answered with the measurements of (5) are whether (nk/k) = 2$. 

s channel helicity Is conserved, and a determination of the t channel 6. Good resolution in momentum transfer. 

parity. The spectrometers themselves are basically small acceptance well 

III. TBE SLAC! EPERlMEN?cl 
shielded devices with Op/p = f 2$, LX$ Gev = 9 x 10-4sr, fiz220 Gev = 1.4 

'. x 10-4sr, mauentun resolution of - 0.15$, and production angle resolution 
The SLAC experiment was run from January-March 1975 by a collaboration 

of - 0.3 mr. 

between groups from SLAC and the University of Wisconsin. The experimenters 
A standard SLAC bremsstrahlung beam was used with a typical beam 

were : 

SLAC U. Wisconsin 

R. L. Anderson U. Csmerini 
W. W. Ash J. G. Learned 
D. M. Ritson R. Frepost 
D. J. Sherden C. M. Spencer 
C. K. Sinclair D. E. Wiser 

. 

10 intensity of - 2 x 10 equivalent quanta 

This experiment was typically getting 100 

energy was required, up to 21.5 GeV. The 

with the SLAC 1.6 GeV spectrometer, which 

a secondary emission quantameter (SEQ). 

(EQ) per 1.6 nsec beam pulse. 

- 120 pulses/set with whatever 

beam intensity was monitored 

in turn was calibrated against 

The experiment was primarily a double arm spectrometer measurement of Jr(3.1) 

and q(3.7) photoproduction, but a few days were spent measuring single are 

electron yields and searching for double arm hadron coincidences in the 

2 GeV mass region. 

Double Arm Jr F'raluction 

The double arm measurement was carried out using the SLAC 8 GeV and 

20 GeV spactraneters instrumented to detect both muons and electrons. Sooe 

major features of this double arm experiment were: 

1. Good mass resolution. (a = 6 MeV when the manentum and angle 

hodoscopes were used for reconstruction.) 
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The experimental layout is seen in Fig. 1. The detection system was 

essentially identical in each spectrometer. Electrons were identified by 

a nitrogen threshold gas Cerenkov counter, a lead glass preradiator, and 

a lead lucite shower counter. The measured single am electron yields were 

primarily due to electrons prcduced directly in the target, and fran elec- 

trons produced by so + yy decays with subsequent conversion of one of the 

photons in the target material. Muons were identified with an iron scin- 

tillator counter array. The single arm muon yields, primarily due to 

muons from pion decay, were typically 3 - 4% of the pion flux and a factor 



20 GeV SPECTROMETER SHOWER 
COUNTER 

1.6 GcV SPECTROMETER CERENKOV \ CO”6ERS 

ELECTRM 
BEAM 

-7 
RADIATOR 

0 IO 20 30 
1' 

meters 
8 GeV SPECTROMETER ..” 

Fig. 1 Plan view of experimental layout of SIAC ejzperiment for studying 
the reaction r!i + '#Xx. 

of 2U - 30 hiefier than the single arm electron yields. loch SpeCtrCxWzter 

had, in additio& a set of beean defining s-k:iutiOn COmterS. The 

details of these arrays for the 8 GeV end 20 Gel' spectrometers are seen 

in Fig. 2 and 3. 

Each spectrometer was also instrumented with mmentum and an&%e 

determining hdoscopes. These hodoscopes were scintillation counter 

orrays in the 8 CeV spectrmeter, and pro~rtlmal wire chambers in the 

20 GeV spectrometer. They had the resolution in momentum and angle men- 

tioned previously, which works out to be - X, MeV lW!D! resolution for 

3 GeV nasses. The hcdoscopes were used to establish that the observed 

coincidence signal was in fact frm Jr decays but were not used for the 

cross section determination. The hodoscope and counter information, 

relative coincidence times between the spectrowters, and various mse 

heights were strobed into a SCS 9303 computer. The actual rates for the 

muon and electron coincidences were quite low, ranging fran - j/hour for 

same of the e(3.1) -ing to - l/day when the %'( 3.7) points were being 

FlIl. 

Let me now review sme of the systematics of this apparatus and then 

I will turn to a description of the variom kinematic settings which were 

run during the course of the experiment. 

1. The net acceptance of the apparatus for Jr detection breaks down 

into * number of different factors. First, there are scue factors 

involving the production of the $. The t or pI acceptance is set 

by the p, acceptance of the spectrometers and is approximately 

.O3 (G~V/C)~ for the tmin points. The nunber of photons contri- 

buting to the yield is (assuming elcszic production) approxinutel> 
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8 GeV CWNTERS 

Fig. 2 1 Detail of counter array in the 8 GeV spectrometer. 
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Fig. 3 Detail of counter array in the 20 GeV spectrcmreter. 
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set by the m5mam and 52s angle acoeptsnce. Finally, 

the bxanchlng xatio into lepton peirs is 

lr(3.1) •t yg ee = .06g f .Ol 

and 

2. The lpass acceptance of the eppamtu is approxhtely AM/M = 

.05 lwm. The ozJ.yre.leVaIltinrplication ofthis factoristhat 

e( 3J) and M3.7) must be measured with separate kinematic set- 

tings of me spsdrmters. 

3. l!hetedgroundsfor~thelpeas umments which were made on psi 

production were predcdnantly mndom coincidences between the 

spectrometers. The ee random6 were l$ whiLe the ~1 randoms 

wera 20 - 30% of the q(3.1) signal. The expected Betheaeitler 

lepton pirs were negligible for this experiment as was verified 

by examining the mm spectrum. Only the psi peaks were observed. 

4. The yield of JI( 3.1) h-an the decay of the q(3.7) via $' + q(3.1) + 

ec or &L is heavily mppssed since the measurements are always 

made 0.5 or 1.0 GeV from the bremsstrahlung end point. Since the 

apperate fixes E , I a q(3.1) of fixed energy f'rcm a $(3.7)-+ H3.1) 

in* decey requires a @aton energy k = [M(3.7)/M(3.1)] E.+ to 

satisfy the kinematics. If the bremss~rahluogend point energy 

is then set within a few hundred &V of the detected psi energy, 

essentially no q(3.1) '8 can be accepted from the cascade decay. 

5. The aypratus can be set to detect q(3.7) •t ee or w. The de- 

tection efficiency is quite a bit lover then for q(3.1) detection 

since the branching ratio into lepton pairs is lower by - 7 and 

the tmin suppression is greater because of the mater tmin. 

6. The appwotus c*n be set for varying degrees of inelastic pro- 

duction depending how close the spectrameters are set to the 

brensstrahlung end point; that is, ES end 8 
$ 

BF~ set by the 

spectrometers, and this in turn fixes the photon energy k if 

eleatlc prcducticn is assumed. If the production is in fact 

elastic, then the !$ yield will be independent of the bremsstreblung 

end point energy E 0' If the yield includes inelastic production, 

then the psi yield will increase BE (E. - E,$ increases since 

more photons can contribute to the prcduction. Thus the inelastic 

contribution to the cross section can be measured by keeping EJr 

fixed but varying Eo. 

The wrious kinemetic settings which were run during the co%rse of 

the exprinent are listed in Table I. The table show the photon energy 

k for the elastic reaction yN+ $N, the bremsstrahlung end point energy 

EO' the zcrget, the lnvsriant mass setting of the spectrometers, and the 

manentum trasfer. Most of the points run were q(3.1) production from a 

deuterium target with (E. - E,$ either 1 GeV or 0.5 GeV. This last 

condition constrains the kinematics to be largely elastic production by 

corstwining the recoil mass to be less than - 1.3 GeV. In eech caze 



TABLE I 

k EO Gilin t’ dy&) 

WV) (GeV) ((W/C)2 (eV/c)2 [nb/(GeV/c)2J 

a. $(3100) from Deuterium Target 

21.0 21.5 0.069 0.0 14.6 f 1.2 

19.0 20.0 0.088 0.0 15.0 * 1.0 

19.0 19.5 0.088 0.0 12.0 l 1.1 

17.0 17.5 0.116 0.0 10.8 * 1.0 

16.0 16.5 0.135 0.0 8.2 * 1.1 

15.0 20.0 0.160 0.0 1.7 i 1.5 

15.0 16.0 0.160 0.0 5.9 * 1.0 

13.0 13.5 0.236 0.0 3.8 * 0.6 

19. 0 20.0 0.088 0.20 8.2 i 1.1 

19.0 20.0 0.088 0.40 4.9 f 0.7 

b. $(3100) from Hydrogen Target 

19.0 19.5 0.088 0.0 10.8 il.1 

c. $(3700)from Deuterium Target 

21.0 21.5 0.164 0.0 2.1 + 0.8 

t’ 5% (t - tmin) 

the spectrometers were set for Jr decays near 90' in the * rest frame. 

Typical settings for the spectraneters were pspect -10 GeV and 9 spect= 
Ilo. Typical counting rates were 10 - 70 $(3.1) events per day depnd- 

iug on the energy and momentum transfer, and = 1 event per day for the 

l43.7). The primary re86on for using a deuterium target was to minimize 

the number of radiation lengths per gram of target. However, one data 

point (k = 19, EO = lg.5 GeV) was also run with a hydrogen target. Two 

data points were run with different bremsstrahlung end point energies. 

k = 19 GeV was run with EO = 19.5 GeV and EO = 20.0 GeV, and k = 15 GeV 

was run with E 0 = 16 GeV and EO = 20 GeV. 

Now I will turn to a discussion of the experimental data first giving 

the evidence for believing that psi prcduction was in fact being observed. 

Figures 4a and 4b show time-of-flight distributions between the two spec- 

trometers for both electron and muon pair triggers for a large sample of 

the Jr(3.1) data. As can be seen from the figures, the random background 

was typically l$ for electron pairs and 20 - 3C$ for muon pairs. The 

next obvious question is -- are these coincidences from psi production? 

To answer this question, the apparatus could have been detuned from the 

psi mass, but what in fact was done WBS to emmine the hcdoscope data and 

look at the invariant mass distribution. These distributions 8re shown 

in Fig. 5a and 5b, for events which satisfy appropriate time-of-f&&t 

cuts. Figure 5a show the ee mass distribution and Fig. 5b shows the pp 

~~8s distribution for 9( 3.1) events. Tnese plots yield M(3.1) = 3098 + 

6 NeV where the uncertainty is prtirily systematic. The width is L 20 l&V 

(ZWKM) which is the expected resolution from the spectrometer hodoscopes. 

Figure 6 shows the combined w and ee data for the Jr(3.7) events for which 
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electrons (8) end nmm~ (b). 
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B ~SS 00d.a be EcOdmOtea. The mass plot contains 8 events with a 
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Fig. 6 Invariant mass distribution for a ssmple of q(3.7) events containing 
both electron and ?IS2On eVentS. 

negligible random background. The mass is M( 3.7) = 3684 MeV with an 

estimated uncertainty of 9 MeV. In all cases the calculated F&he- 

Heitler background was negligible, and in fact no coincidences were 

detected which could not be ascribed to psi events. 

The cross sections were detemined by using the full r;wrture trig- 

ger rate together with the time-of-flight distributions for randm back- 

ground determinations. Altogether w 12CC $(j.;j and l_? C(;.;) events 

were detected. The following assu@icns were made for the cross-section 

determinations: 

1. The yields were assumed to be elastic production, i.e., 

yN -I $3, since the kinemtics sre highly constrained and 

the measured inelasticity wss small. 

2. The branching ratios for decay into e or P pairs were 

assumed to be 6.9$ and 1% for the Jr(3.1) snd f(3.7) 

respectively. 

3. The psi particles were nssmed to decay with a (1 + cos2'8*) 

distribution in their own rest frame. 

4. Standard radietive corrections were made to the data. This 

amounts to approximtely a 7% correction for the muons and 

approximately a 5C$ correction for the electrons. These 

radiative and straggling corrections depend only on the 

bM/M scceptsnce of the spectrometer. 

The results are presented in Table I snd Fig. 7 and 8. The errors 

are statistical only. The overall systematic error for the cross sections 

is estimated to be 15%. Tsble I lists the data conditions and the corra- 

spending values of do/dt. Figure 7 shows the k = 19, EO = 20 GeV data as 
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a function of t. The slope determined from this data is b = 2.9 (Gev/~)-~. 

1n 0,.&r to compare cross sections as a function of energy, the tmin data 

have been extrapolated t0 t = 0 by the correction factor exp(btmin) with 

b = 2.9 (GeV,'c) -2. The resultant JI( 3.1) cross sections are shown in Fig. 

3. The threshold for Jr(3.1) production is indicated with an arrow, and the 

two data points run with different end point energies ere slso shown. The 

main features of these double ax-~ results are: 

1. M(3.1) = 3098 + 6 MeV 
M(3.7) = 3684 + 9 MeV. 

2. Inclusive Jr production is small compared to elastic productloll. 

Several points taken with different bremsstrahlung end point 

energies indicate B possible 20 - 3@$ inelastic contribution. 

The measurements made at tmin with k = 15 GeV and end point 

energies E. of 16 and 20 GeV indicate that inclusive psi pro- 

duction contributions to the cross section are small. Speci- 

fLcal.ly, using the notation (k, Eo), the cross section ratios 

were determined to be 

$$#$J = 1.25 2 .14 

and 

gg++ = 1.3 t .3 . 

3. The point at k = 19 GeV and E. = 19.5 GeV was run both with a 

deuterium and a hydrogen target. The deuterium-hydrogen ~0% 

section per nucleon ratio is 

indicating that q(3.1) prorluction from the proton and neutron 

is ve3.y similar. 

4. The slope of the angular distribution measured at k = 19 GeV 

has a fitted slept? parameter b = 2.9 (G~V/C)-~ where b is 

defined by do/dt - exp(bt). The statistical error from the fit 

is 2 0.3 (GeV/c)-2 but here one should keep in mind that the 

inelasticity of the production has not been determined at other 

than t mm and the true elastic slope may be larger than the 

above quoted value. 

5. 9x.3 tmin moss section rises from a value of 5 4 nb/(GeV/c)2 to 

5 15 nb/(GeV/c)2 in going from k = 13 GeV to k = 21 GeV. 

6. The Jr'(3.7) is photoproduced, and for k = 21 GeV at tDin: 

j$$+&#- = 6.8 2 2.4 . 

7. A small sample of data was taken with an incident electron beam. 

Subtracting the contribution from real and virtual photons, the 

direct electron prcduction cross section for the e(3.1) is deter- 

mined to be s 5s of the photon production cross section. 

8. The Jr(3.1) cross section in the 19 - 21 GeV region is: 

do/at = (15 - 20) e3t nb/(GeV/c)2 . 

This is to be compared to the reference cross section 

do/dt(yP + @P) = 2500 e5t nb/(GeV/c)' . 

do dtlD 
2 -=1.12 I .16 

do, dtlH 
2 
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9. Using the ai dominance relation 

dddt(vN •t W) = o/4(v;/lhl)-' au/dt(-+% -, Wi) 

Table II 

gives dddt(4.N -+Mn)lt = o = 24 d(GeV/c)2 

which is certainly not a typicalhadronic cross section. For 

dddtlt 5 0 (nN+ nN) - 25 mb/(GeV/c)2 . 

10. Fiaally, converting to a total croes section via the optical 

theorem, 

da/di+, = o (+%-, wm) = & (1 + g2)(oToT(VN))2 

where $ = ReA/ImA and A is the foward elastic scattering 

amplitude, gives uTm(~) % 0.8 mb at 19 GeV (assuming p = 0) 

to be compared to uTOT(eN) ^I 9 mb. A comparison with other psi 

photoproduction experiments will be made sonewhat later in the 

talk. 

Simle Ann $ Production 

I would like to spend a bit of time describing the measurements of 

direct electrons in one of the spectrometers. A few days were spent making 

these measurements with the 20 GeV spactrcmeter, with the goal of deter- 

mining what fraction of the electrons were in fact coming from *decay. 

For single arm direct electron measurements, there are several fairly 

well defined sources of electrons which are listed below with their ex- 

pected, and in scme cases measured, rate for the measurements which were 

made at p I = 1.6 Gevjc. 

D&he-Heitlsr y + ee 

Forward B-E folJ.owed by 
eN scattering in target 

I + ee 

Total 

13/lOlb EQ 

12/1016 EQ 

En/d6 EQ 

135/10= Ep 

The contributions from so production followed by conversion of one of the 

photons in the target was measured by a radiator extrapolatim. The Dethe- 

Heitler yield as well as the x0 Dalits electrons were calculated, and the 

target scattered electron contribution was measured by a pre-target ra- 

diator extrapolation. The excess yield, when these are subtracted, was 

attributed to Jr + ee electrons and agrees well with the yield based on the 

MOBS sections measured in the double arm experiment. Figure 9 shows the 

electron yield as a function of p,. The shoulder in the distribution at 

p, 1: 1.5 C&V/c is quite evident. The solid line is the expected yield 

without psi production, and the dotted line is the predicted electron 

yield including psi production, This agrees well with the actual measured 

points showu in the figure. 

The electron yield based on these considerations is 6@$ from psi 

production: Also canparing this f-+ e signalto the charged pim yield 

yields 

1 q-te- 
n 750’ 

Not only do most of the direct electrons come frcm V+ ee decay, but this 

signal is only a factor 750 down fran the inclusive pion yield at p, - 

1.6 Gevlc. 
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Fig. 9 Single f2.x-m electron yields 8s a function of tran.sverSe mCn?+ntUm 
for p *pet = 6.0 &V and E. = 21.5 GeV. 

The Search For D's 

A brief time was spent in 8 search for charaed DBOII. Two much 

searches were made, one looking for hadron double arm coincidences in 

the M = 1.8 - 2.4 GeV region, and the other a search for excess direct 

electrons in the pI = 0.6 - 1.0 &V/C region. 

The double arm hadron measurements were sensitive to nK, xx, I(x, 

np, and 6 coincidences, but particles were only identified as x or not 

fl. The m6.9 range 1.8 Gev < Q < 2.4 GeV was covered in overlapping 

steps. Typical experimental parameters were e8 = em = 12' and p8 = 

p20 = 4.7 Gev/c. Because of the increased randanbackground resulting 

from the high rate hadron fluxes, this scan was run with . 100 less 1~08s 

section sensitivity then the ee and w psi cross-section measurenrenta. 

No real events were observed, and the approximate cross-section linlt Is 

BFI da/dp;dx 5 0.5 ub/(GeV/c)2 . 

If an exp(-5pf) dependence is assumed, then 

EtRo5 0.1 wb = lo-%m2 

OF 

BRO -3 -=lO , 
w- 

where ER is the branching ratio of the putative state into the detected 

hadron channel. 

The direct excess electron search is based on the data of Fig. 9. 

These dnta were examined for excess electrons in the pL = 0.6 - 1.0 CeV/c 

region. The mr_jor background is from no + yy + yee conversions, but this 

contribution CRII be measured directly by a radiator extrapolation, and 
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can be inferred from the measured n' yields. The z" Dali% pair and 

the Bethe-Heitler backgrounds can be calculated. There is no evidence 

fur any excess direct electron signal beyond the expected sources with 

a sensitivity set by the subtraction procedures. If the direct electrons 

are assumed to c- via rN-@ @N withD + Kev, then the limit obtained 

is BRu ~lo-~~cra~. 

l-v. TJixccnwELLmsuREMENT 

A Cornell group has recently made a measurement of q(3.1) prcduc- 

tion. 2 I wiJJ. briefly describe their experiment. Ths measnrelsenta were 

made usinganl.l.8CeVend pointbremsstrahlungbeamfrcmthe Cornell 

synchrotron, incident on a 2.9 C&J/cm2 beryllium target. Electrons and 

photons were detected in a pair of lead glass arrays. The mass of the 

detected electron pairs was then determined frcm the an@e and energy 

measurements in the lead glass hodoscopss. The V(3.1) signal was clearly 

observed on top of a continuum backg;round with - 500 events between 

9 - 11.8 CeV. Once a background subtraction is made, the authors con- 

clude that the Jr(3.1) production can be fit by the functional form 

do/dt = (0.8 + 0.2) exp(1.k It 0.2)t nb/(GeV/c)2 

with most of the events coming from photon energies - 11 GeV. The authors 

also conclude that there is no statistically significant evidence for 

inelastic production at the - 2C$ level. The quantity tmin = 0.394 (GeV/c) 2 

at ll GaV, and thus 

do/dt (S = 0') = 0.46 + 0.12 nb/(CeV/c)2 

V. SC2.E QUELSTIONSRAISKLl BY TEE PSI WCTOPRCDUCTIONP%ULTS 

The results on psi photoproduction consist of measurements from three 

groups; the Cornell., SEX, and Fermilab maasurements.3 The results from 

all three groups for 0 = 0' production cross sections on a common plot are 

shown in Fig. 10. There may be overall systematic normalization differ- 

ences, but the trend of the cross section is quite apparent. The cross 

section rapidly rises in the 10 - 20 GeV region and then rises another 

factor of - 3 in going from 20 - 100 CeV. It is also interesting to 

consider the energy dependence of uTCT(Jlru) as extracted using the optical 

theorem and vector dominance assumptions mentioned previously. In order 

to do this, the data are extrapolated from t&to t = 0 assuming that 

the measured slope of the Cornell point and the SLAC-Wisconsin measured 

slope at 19 GeV can be used at face value to make an exp(bt&) correction. 

When this is done with the assumption that the amplitude is purely imagi- 

nary, the results appear as shown in Fig. ll. The figure also shows the 

corresponding total cross sections extracted from rho and psi photoprcduc- 

tion data. 

It is apparent that u,($D') is appreciably smaller than either 

%m(~N) or uTm ON) and has an asymptotic value of - 1 mb. Most all of 

the rise in uToT(m) comes from the 11 - 19 GeV region, and the effective 

threshold for crTCT($X) appa ars to be not at the threshold for the opening 

uP of the YN + '#N channel, but at a higher energy corresponding to J-6 = 

4.6 CeV. This statement depends very crucially upon precise yN + $rN 

measurements near threshold, but the evidence is tantalizing that the 

rise of the elastic cross section is the reflection of an inelastic chan- 

nel opening up at Js = 4.6 G-ZV. 
at anaverage energyofk =IICeV. 
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The ~~(W@Problern 

The total ~~088 section extracted from the ~otoprodudim measurements 

is based on the diaity of several assvnpticms. First, vector dominance 

must be used to relate photoproduction to $W elastic scattering, and the 

vectordoninance couplAng constant measured ine+e- annihilation at Q2 = 

G 
is ssslrmed to be appropriate for the Q2 = 0 photuprcdudion case. 

Second, the photoproduction amp,litude is assumed to be dif?ractive, 

(1 .e., the amplitude is purely imaginary). However, %mp(@) can in 

principle be determined more directly by measuring the attenuation of 

psi's in nuclear matter. This is done by measuring the A depetience of 

psi proauction and using 8 simple model to extract urn(w). A siu@e 

nuclear optics picture can demonstrate this point. A pictae which is 

suitable for energies such that $M$k >> 1, where &$ is the Jr man free 

path in nuclear matter is direct production by the photon in nuclear mat- 

ter and a subsequent attenuation of the produced pi's characterized by 

a total cross section o+,,(W). 

For k = 20 GeV and ~~~($3) = 1 mb, &$$k = 140 end this low energy limit 

pertains. In this simple picture one obtains for inccbercnt production: 

Aeff/A = (1 - E) , 

where a had sphere nucleus withR = r$ 113 has beer asslm?!a. putting 

in numbers, this gives c(lead) 1 g/mb and e(cu) = 5$/mb. Thus, 

%($lV) = lmb requires reasonably hi@ precisi& on the order of 8 

few percent if total cross-section determinationa are to be msde this 

wey . However, if em is actually +. 20 mb, then the effect is quite 

large. A detailed treatment of this problem also should include consid- 

eration of several stpall effects such as vector dominance yH-+ pN+ $3 

amplitudes interfering with yA + $lT, and a maILL but finite contribution 

frcm coherent prdudion. 

The Inelastic CrossSection Froblem 

Fimlly, I will. briefly discuss the inelastic cross section which 

may be associated with elastic psi production. This cross section may 

be estimated in * sinrp;le way. The optical theorem gives 

0* 

If for the rieflt hand side we set I+,($%) = lmb and use the elastic 

slop!? b = 3 (G~V/C)-~, we canevaluete ue+jFar , sndbyvectordaninence 

the ratio should be the SBM for buth pi initiated arxI photon initiated 

reactions. This yields aJuTm - 1.7 x 10m2. ExprJlrent shows that 

YN + $ b mostly elastic, or at mcst has a 20 - 3C$ inelmtic contribution 

et k = 20 G4. Thus the inelastic cress section&es not involve p(3.l) 

in the final state and is epprcximately 50 this larger than the elastic 

production. ThFs inelastic cross sectim ls uin = 0.5 pb based on ud= 

5 nb, and is apprcnimately l/2$ of the total uYm crow section; that is, 



- l/2$ of the total u 
-a 

cross section is the inelastic partner of the 

process yN + qN, and furthermore does not involve psi's in the final 

state. It is very tempting to speculate that this inelastic cross sec- 

tion is associated with charmed meson production, e.g., ?N + DEN. In 

this regard one should look back at Fig. XL, the plot of ~~($27) versus 

6. Since the elastic production is pr@suoted to be the shadow of inelastic 

processes, there may be a threshold effect for n&when the real inelastic 

channels open up. Figure ll indicates that the effective u&threshold 

may be above the real physical threshold for yN + $N. This statement 

depends very critically upon precise yN -I JrN measurements near threshold, 

and will be a subject for further experiments. Bowever, the evidence is 

tantalizing that an inelastic threshold is opening up at Js = 4.6 GeV 

corresponding to a D mass of - 1.8 GeV. 

Finally, I would like to acknowledge the considerable effort of my 

colleagues on the work of this experiment. 

* 
Work supported by the U. S. Energy Resew& and Development Administration. 
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2. B. Gittelman et al., Cornell Laboratory of Nuclear Science Report, 
1 JdY 1975. 

3. B. Knapp et al., Phys. Rev. Letters & 1040 (1975). 
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Fig. 1 Layout of the electron/tagged photon beam 
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the downstream hodoscope contains sixteen layers of lead 
a&l plastic. A layer is composed of a 4.8~mm thick plastic 

scintilletor and a 6.3-m thick Pb sheet. 
l2m badron calorirter consists of twenty-four 4.4%cm 

steel plates interleaved with 6.3-w sheets of plastic scin- 

tillator. A 15~1s square hole allows the beam to pass through 

the calorimeter. The muon identifier consists of a steel 

shield which is 60-cm thick, and an la-element vertical, 22- 
element horizontal scintillation counter hcdoscope. 

Tne photon berm intensity is monitored continuously by 
a 26-radiation length Wilson quantameter. At regular inter- 

vals, the photon spectrum is determined by measuring the total 
momentum of e*e- pairs produced in a 0.04-radiation length 
lead target. During the calibration runs, the target is 

inserted in the photon beam in front of a horizontally 
bending dipole magnet Xl which opens the e'e- pairs so that 

their momentum can be measured in the multiwire proportional 
chamber spectrometer. 

Events which have two or more tracks and which satisfy 
any of the following requirements are recorded on magnetic 
tape: BJO or more muons in the muon identifier, two or more 
electrons in the electron calorimeter, one electron and one 
muon, and finally, any event which deposits more than a 

preset amount of energy in the hadron calorimeter. 
For each event, all possible tracks are reconstructed 

from the multiwire proportional chamber hits. 
Let me now discuss the important characteristics 

of events which possess a dimuon in the final states. 

Each track is extrapolated back to each plane of muon 
counters, and a circle with a radius 2.5 times the expected 
deviation due to multiple scattering is computed. Any muon 
counter iJith a hit which overlaps this circle is considered 
to be correlated with the track. A *'muon*' track is required 
to have correlated hits in both muon counter planes. 

The sample of all events with two muon tracks is ex- 
tracted. The paths of the two muons are extrapolated back 
to the target to determine if the pair came from a single 

r M2 

e 

Fig. 4 Layout of detectors in experimental enclosure 
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point within the target. The distance of closest approach, 

the shortest line segment connecting the two tracks in front 
of the magnet, is required to be less than 2.5 mm. The vertex 
of the event is defined to be the midpoint of this line seg- 

ment. Ii must be located within 20 cm of the target along 
the beam direction. 

The momentum of each track is computed assuming that 
the magnetic field is uniform. The momentum resolution in 

the limit of a uniform field is calculated to be bP/P = 
+ 0.03 (P/100 GeV/c). 

The raw mass spectrum for a sample of 60 events with 
momenta greater than 80 GeV/c is shown in Fig. 5. The two 

principal features of these data, which can be seen readily, 

are a preponderance of events at low mass, characteristic of 
muon-pair production by the Bethe-Heitler mechanism, and a 
peak at 3.1 GeV/c'. It should be pointed out that this sam- 

ple was not restricted to two track events. The width is 
consistent with our experimental resolution. The data were 

also taken with the photon target closer to the magnet to 
obtain events with momenta between 50 GeV and above. The 
combined data sample, which has 102 events, was used to pro- 
duce the t distribution shown in Fig. 6. The t distribution 

for the K'T- final state with a mass of the rho meson can be 

fitted very well with the sum of two exponentials, one with 

a slope of - 60 -2 GeV which is characteristic of the 
coherent scattering from the Be nucleus, and the other with 

a slope of - 10 GeV -2 which is characteristic of scattering 

\.,yc I i 
\ ..d.j 

COUNTERS COVER DIFFERENT RANGES IN Q 

from single nucleons in Be. One can also see these same 

features in the t distribution of the 3.1 GeV/c' resonance. 
The fitted value of the slope is approximately - fifty 

and - two 1 GeV2. 
There are two principal sources of background in the 

determination of the Ji cross section. 
First, we must determine what fraction of the events 

are produced by hadrons in our beam. Our measured cross 
section for $ by neutrons in this beam and the known ratio 
of photons to neutrons allow us to determine that the number 

of events in this experiment induced by neutrons is consis- 
tent with zero. 

Fig. 5 Layout of scintillation detectors near the photon target 
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The other source of background is the photoproduction of 
the f'(3700) and its decay into Ji(3100) + X with the subse- 

quent decay of the $(3100) into two muons. 
We have observed two events which are 

y+Be- $1 (3700) + . . . . 
- $(3100) + 7r+ + lr- 

- F+p- . 
Based on Monte Carlo calculations, we place an upper limit 

from this source to be 15% or less. 
Based on 102 events and correcting for geometric accep- 

tance and electronic deadtime, we measure: 
o(y+Be - $+....)B($ - n+c~-) = 20 2 5 nb/nucleus. 

We also determine: 

Here ~,?':",:,:;~~itzo = 55 t 24 nbb=v' - 

This cross section was determined by 
first determining the differential cross section at t = 0 

$$I (y+Be - $+Be)It=O and then dividing by A2, A being the 

atomic number of Be nucleus. 
If we assume the validity of vector dominance and that 

the forward scattering amplitude is purely imaginary, we 
obtain for the $N total cross section 

u ($N) - 1 mb. 
While these assumptions are reasonable for other vector meson 
photoproduction processes, we have no evidence for their 
validity in this case. 

In order to determine $N interaction strength without 
making the above assumptions, we have made a preliminary 

study of the A dependence of the photoproduction cross section 

of the Ji. Limiting the $ events to the small momentum 
transfer region t-t < 0.07 GeV2), we observed lO$ - pL+p- and 

+- 
ee events in the reaction y+Pb - $+.... . We would expect 
to see 11 events if a(gN) = 0 mb, 5 if o($N) = 15 mb, and 4 
if c($N) = 30 mb. Obviously, we cannot draw any conclusion 
about the magnitude of a(JN) based on our present data. In 
these calculations, we have used 2.71 fm for the Be radius 
and 5.66 fm for the Pb nucleus. 

Conclusions: 

Fig. 7 Dimuon invariant mass distribution observed 
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1) We observed photoproduction of )(3100) and $(3700). 
2) The t(3100) is photoproduced diffractively on the Be 

nucleus. 
3) We find o(+H) - 1.0 mb if we assume vector dominance 

and that the forward scattering amplitude is purely 
imaginary. 

We now turn to the neutron experiment. 
The neutron experiment used the same detectors but differed 
from the photon experiment in two respects. First, the 34 m 

of liquid deuterium was emptied and 3.8 cm of Pb was placed 
upstream in the neutral beam line, thereby selectively 
attenuating the photons. The neutral beam was then predomi- 

nantly neutrons. Secondly, the multiwire proportional chamber, 

Pl, was moved 75 cm downstream in order to insert an absorber, 
61 cm of Be followed by 183 cm of Fe, into the beam. It 
attenuates reaction products other than muons and reduces the 
decay path for pions produced in the target to 150 cm. 

Rze first 60 cm of neutron absorber is subdivided into 
twelve layers of 6-s&n thick plastic scintillator, interspersed 
with 4.4-cm thick sheets of steel, which are viewed by a 
single phototube. This calorimeter was calibrated in a 50-GeV 

pion beam and found to have a resolution of 2 25%. It is used 
at law intensities to determine the incident neutron energy 
spectrum. 

Figure 8 shows the energy spectrum unfolded from the 
pulse height distribution of the calorimeter. The spectrum 

of photons surviving the 3.8 cm of Pb is also shown for the 
corresponding number of proton interactions in the primary 
target. 

Because of the additional absorber, analysis of these 
experimental data differs from that described earlier. Only 

four proportional chambers downstream of the absorbers are 
used to measure the direction and momentum of charged particles 
emerging from the absorber. Since muons typically lose more 

than 3 GeV and suffer multiple scattering with about 170 &V/c 
rms transverse momentum in the abeorber, the dimuon mass 

resolution is worse. The neutron analysis is checked by 

restoring the photon beam and observing a comparable number 
of Photoproduced dimuons with the absorber still in place. 

SURVIVING WOTWS 

0’ 1 1 150~& I I- 1 I 1 
50 too 250 300 350 

ENERWW) 

Fig. 8 Neutron energy spectrum (raw distribution of neutron 
calorimeter pulse height) with the spectrum of surviving 
photons superimposed 

, 
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Thus, by comparing to the photoproduced dimuon data, we 

directly measure the effect of the absorber on our resolu- 
tion in the kinematical variables. 

To calculate the dimuon mass M 
w' 

we use the high energy, 

small angle formula 

Mw 
2 El E2 = m2(2 + - + -) + E1E291z2 , 

E2 El 

where m is the muon mass, El and E2 are the mucn energies 

corrected for loss in the absorber, and 912 is the opening 
angle between the two muons. If the production point is 

known, the measurement of 6'12 least affected by multiple 

scattering is obtained by dividing the apparent separation 

of the two muons when they are extrapolated back to the plane 
50 cm downstream from the middle of the Fe absorber by the 
distance from the production point to that plane. Mistakenly 

assuming that the dimuon originating in the absorber had been 
produced in the target would seriously underestimate the 
dimuon mass. 

The invariant mass distribution calculated for oppositely 
charged dimuons of total energy greater than 70 GeV is shown 
in Fig. 9. We see clear peaks at 0.76 and 3.1 GeV/c2 with 

widths consistent with the expected experimental resolution. 
There are 43 events in the 3.1 GeV/c' region. To be included 
in the mass plot, the reconstructed vectors must pass within 
2.5 cm of one another when extrapolated to their point of 
closest approach and their mean transverse separation from 
the beam axis weighted by energy must be less than 7.5 cm 
at that point. 

For dimuons of mass above 1 GeV, our resolution in the 

distance of closest approach is sufficient to separate pairs 
produced in the dump from those produced in the target. The 
large enhancement seen at the p mass in Fig. 9 clearly 
indicates p production in the target, but any p produced by 
interactions in the absorber would be lost in the continuous 
distribution at lower masses. Similarly, low mass dimuons 
produced in the target are indistinguishable from those pro- 
duced in the dump by photons from TT' decay. 

Figures 10a and b show the PL 2 distribution of the dimuons 
in the two mass regions: 0.7 < M 

w c 0.85 GeV/c' and the 
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Fig. 9 Invariant-mass distribution of pairs of muons with 
opposite charge and total energy greater than 70 GeV 
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high mass region 2.6 < MuIL. Note that the 3.1 GeV/c* object 
is produced with a considerably larger average value of PL 2 

than the p meson. We show the total momentum distribution of 

the dimuon in Fig. 10~. 
We have compared our data with Monte Carlo simulations 

of events generated according to 
d20/dxdP 2 (1) .L = exp(-ox)exp(-BP L2) I 

where x is the ratio of the dimuon momentum to that of the 
incoming neutron in the laboratory.3 The simulated events 

were then multiply scattered through the absorber and accepted 
by the apparatus. The resulting distributions for P 2 I and P,, 
are shown as the solid curves in Figs. lOa-c. for different 
values of B as indicated and for u = 10. 

The total cross section is calculated as follows: 'Ihe 
total number of interactions was recorded. Each interaction 
was assumed to be 40 mb per nucleon. After correcting for 
electronic deadtime and geometric acceptance, we obtain 

o(n+Be - J + X) 

t- L+P- 
= 1.7 x lO-33 cm2/nucleon for 1x1 > 0.32 . 

In calculating geometric acceptance, we used a = 10 and f3 = 2. 
We also calculated the acceptance for u = 7.5, o = 12.5, and 
!$ = 1, @ = 4. On the basis of these calculations, we believe 
that we measured the total cross section to within a factor 
of 2. 

If we extrapolate the equation (1) to XF = 0. we 
obtain 

c&-L = 7.5 x 
dy 

10 -33 cm2 

where y is rapidity. This is consistent with the cross 

section determined at the ISR. 4 

We now consider the dimuon continuum which we define 
in the mass region of 1.0 zz M iLcL < 2.4 GeV 4 and we will 
compare our data with the Drell-Yan mechanism. 5 

The mechanism they considered for massive dimuon pro- 
duction is shown in Fig. 11. 'Ihe pair is created by parton- 
antiparton annihilation when a parton (antiparton) moving to 
the right with a fraction x1 of the nucleon momentum annihi- 

lates with an antiparton (parton) with a fraction x2 of the 
nucleon momentum. They obtain 

Fig. 11 The Drell-Yan mechanism for massive dimuon production 
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where M = dimuon mass, P = dimuon longitudinal momentum, 

xl'x2 = longitudinal fractions of the incident partons i, 

e. 1 = parton charges, fi = density of parton of type i. 

The normalization of fi is such that 

yw2(x) = c ei2Cfi(x)+fi(x)l . 
i 

hrr experiment measures only a small part of the kine- 

matics available for the parton antiparton phase space. 
Typical values are: 

M2 - 2 @ew2 S - 620 (GeV)2 

x1 - 0.2 x2-. 1o-2 . 

We can now approximate the kinematical region we 
observe by: 

fi(X2) iJ Fi(X2) = fi(0) 

or using a value of vW2(0) = l/3, fi(0) m l/4, we then obtain 

2 
4ra 6(M2-xlx2S)6(P*- 4 (xl-x2)) . 

3N2 
This equation was then integrated with a P 

II 
' > 60 GeV/c 

cutoff. A comparison of the model with the experimental data 
is shown in Fig. 6. Except for the low mass region where we 

see a possible eo production and the tail of the p" peak, 
we are consistent within a factor of - 3 with the predictions 
of the model. Given the uncertainty of the normalization (a 

factor 2-3). the agreement is remarkable. 
I would like to thank my colleagues on these 

experiments. 

* Research supported in part by the National Science 
Foundation. 
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ELECTRON SCATTERING OFF HYDROGEN AT 50 DEGREES AND 60 DEGREES 

INTRODUCTION 

Electron scattering experiments off molecules, atoms, nuclei and 

nucleons have had a profound influence onourpresent understanding of 

the structure of these objects, and we describe here a recent effort to 

probe nucleons with electrons (Ref. 1). The scattering process off pro- 

tons can be symbolically written e + p-e' + X. Experimentally an 

incident beam of electrons, e, of measured energy 8, is directed onto 

a liquid hydrngrrl target. A few of the incident electrons are deflected 

by the protons in the liquid hydrogen. These scattered electrons, e', 

are then detected. No attempt is made to detect the final hadronic state 

X. We can think of the process using a Feynman diagram as shown in 

Fig. 1. The mecSanism which causes the interaction between the electron 

and the proton is thought to be the exchange of a virtual photon, q. 

Since the incident energy, Eo, and final energy, E', of the electron is 

measured as well as the scattering angle, 13, both the "mass" and energy 

of this virtual photon are known: 

la) Q*= -q2= -(e-e')'= 4EoE'sin2(8/2) 

lb) Y = P.q/M =(Eo-E') 

We also know the missing mass of the recoiling hadronic state, X: 

lc) W*= (P+q)'= M*+ ?Mv- Q2 

The interaction of intereat is the virtual photon-nucleon coupling, 

and measuring :he virtual total photoabsorption on protons may reveal 

information about its electromagnetic structure. Massive "point-like" 

charged particles have a high probability to scatter high energy 

electrons (in the GeV range) to large angles compared to that of a 

smooth,distrlbuted charge distribution . The presence of large electron 

yields at high Q2 in this and previous SLAC experiments has lent 

considerable credibility to the notion that nucleons are composed of 

FEYNMAN DIAGRAM OF SINGLE PHOTON EXCHANGE 

LAEORATORY SCHEMATIC 

Incident Beam 

e= (Eo, TO) 
Recoiling Undetected 

Hodron State of Moss W 

Fig. 1 
A Feynman diagram of the single photon exchange process and a laboratory 
schematic of an electroproduction experiment. 

300 



charged,p"int-iike objects. Besides relatively large cross sections, 

another property that scattering off point-like objects should exhibit 

is "scaling." This mans that the coupling strength of the proton- 

photon vertex, which in general can depend on Wz and Q* depends only on 

their ratio, W2/Q2 (or 2M V/Q') as both get large (Ref. 2). 

The electroproduction cross section off any target in the one 

photon exchange approximation may be written as 

2) do/dSZdE' = Umott(W2 + 2 tan2(e/2) WI) 

where urnott = 4@'/Q4 (E')2 2 cos (5/2) and Wl and W2 are functions only 

of W2 and Q2 which describe the photon-target coupling. The mixture 

of Wland W2 is principally controlled by the scattering angle. At 60" 

the cross section is dominated by the Wl contribution (80% or more for 

E", 6.5 GeV) while at 10" the W2 contribution outweighs that of Wl 

(typically W2 contributes 75%). 

Another parameterization of the cross section is 

3) dg /d n dE'= rT(T+CuL) 

where rT= (u/47r2) ~KE'/(Q~E"(~-E)).E =1/(1+2 tan2(e/2)(l+r2/Q2), 

2 2 and K =(W - M )/(2M) is the energy of a real photon required to produce 

the mass state W. rT is interpreted as the flux of virtual photons 

and E is the polarization parameter. The virtual photoabsorption cross 

sections (TT (transversely polarized photons) and al, (longitudinally 

polarized photons) are often discussed in terms of their ratio, 

R = CL/ 17 . 
T 

The average value of E for the 50" and 60" data is 

approximately .12, and this reduces the effect of R on the measurements 

by nearly an order of magnitude compared to that at small angles. 

Typical values for R are between .1 and .2 (Ref. 3). 

The kinematic range of the data taken at 50" and 60" is shown 

in Fig. 2. The shaded region indicates the extend of previous data 

taken at SIX. In Fig. 3 w' contours and B contours are shown, and 

o Elastic Scattering Measurement 

401 
%lZ Extent of Previous Data 8 134 

Boundary for 20 GeV - C-J Electron Beam 
k 

2 20 
nl 
0 

IO 

0 
24 32 40 

M2 W2 (GeV2> ,*,1*1 

Fig. 2 

The kinematic region in W2 and Q2 for the 50" and 60" data, and the 
shaded region indicates the extent of previous SLAC measurements. 

- 
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Fig. 3 
Contours of constant w' (straight lines) and of c"nstantf (curved 
lines) overlayed on the kinematic region of the 50' and 60" data. 
E contours were drawn for 8 = 60'. 

the shaded region indicates the W2 and Q2 ranges of the 50" and 60" data. 

THE EXPERIMENT 

Conceptually the electron scattering experiments are simple. A 

well collimated beam of electrons is directed onto a target cell filled 

with liquid hydrogen,and scattered electrons are momentum analyzed by 

a magnetic spectrometer system and detected by various particle detectors 

which are placed behind the magnet system. 

At 50" and 60" the experiment becomes very difficult for two 

reasons: 1) the ~09s sections are very small (typically 

do/dfidE'= 10-35cm2/GeV-sr), and 2) the background of particles other 

than scattered beam particles (principally T mesons) is large 

(typically r- :e- = 1OOO:l). 

The 1.6 GeV spectrometer used in the experiment is shown in Fig. 4. 

Particles coming from the target that fall inside the entrance mask and 

have momenta within + 5% of the central momentum of the 90" bend magnet 

are transported to a well-shielded llcounter cave." The instrument 

package shown in Fig. 5 was placed inside this 11 foot high, 5 foot 

diameter cylindrical cavity. 

Electron identification was accomplished by an isobutane gas 

Cerenkov counter (CT) at atmospheric pressure and a multi-segmented lead 

glass total absorption shower counter (TA). Track information inside 

the "cave" was obtained using 3 hodoscopes. The event trigger for 

electrons was a coincidence between the gas counter and the glass shower 

detector. This trigger had a pion rejection of about 700:1, and the 

measured electron efficiency was consistent with 100%. 

The data accumulated with this trigger was then subjected t" 

tighter electron identification criteria to cull out the majority "l 

the remaining pions. Location of the shower along the beam direction 

in the multi-segmented TA stack proved to be a powerful tool for 

electron identification. Fig. 6a shows a scatter plot of the first 
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Fig. 4 
The 1.6 GeV spectrometer located in End Station-A at SJ.M. 

Fig. 5 
The instrument package which was placed inside the 1.6 GeV spectrometer 
“Counter caw.” 
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Fig. 6 
A scatterplot of the pulse heights recorded in the first 4 radiation 
lengths (TFT) versus those recorded in the next 9 radiation lengths of 
the TA package For: a) a wrst case r”n on deuterium; and b) elastically 
scattered electron sample. 

4.2 radiation lengths (TFT) versus the next 9 radiation lengths (TAl) for 

our worst n-/e- ratio of about 25OO:l. The vertical band of events at 

the left are n’s which produced only minimum ionizing signals in TFT. 

The diagonal band of events are electrons. Fig. 6b shows s sample 

of electrons, identified as such by elastic scattering kinematics, of 

approximately the same energy for comparison. 

The straight lines in Fig. 6 indicate the first two cuts used in 

the ady~i~ (TFT >20 and TAG >15). The remaining data after these 

two cuts have been applied are shown on a CT vs. TASUM (an optimized 

linear combination of thepulseheights from the glass stack) scatter 

plot in Fig. 7a. The blob of events at the right is electrons. Again, 

Fig. 7b shows the same elastic electron sample for comparison. The 

line indicates the CT cut (CT>40) used in the analysis. 

The effect of these three cuts is see” in Fig. 8. The large pion 

signal at low pulse heights has been attenuated by a factor of about 10, 

but clearly some pion contamination remains under the electron peak 

centered at channel number 114. 

This TASUM spectrum was fitted to a pion function plus an electron 

function. The fitted curves are show” in Fig. 9. The shoulder at the 

high side of the electron peak is electron events in which a pion also 

traversed the glass stack within the 48 “set PHA gates used in the 

experiment. For any TASUM cut choice, it is now a” easy matter to 

integrate the pion and electron functions to estimate a pion contamina- 

tion *action. For the cut TASUM >95, the calculated contamination of 

pions in the electron data was less than 4% for all deuterium runs and 

less than 2% for all hydrogen runs. 

The tracking system had fine and course hodoscopes for both 

momentum and angle determinations located “ear the focal plane of the 

1.6 CeV spectrometer. Using this system we could assign unique momentum 
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Fig. 7 
A scarterplot of the pulse height frm the gas Cerenkov counter (CT) 
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Fig. 8 
The TASUM pulse height spectrum on a worst case deuterium run before and 
after the TFT, TAl and CT cuts. 
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Fig. 9 
The fitted TASlJM spectrum indicating the remainine. pion signal under 
the electron peak. 

and angle bins for 90% of the events. 

Electrons coming from processes other than the inelastic, single 

photon exchange mechanism contribute to the measured raw cross sec*ians. 

All processes that produce virtual or real gamma rays at large ang?es 

can result in e+/e- pair production. Charge systemetric sources-of 

signal were accounted for by reversing the polarity of the spectrometer 

and measuring the e+ yield with an e- beam incident. This contributionvaried 

from 30% to almost nil over our kinematic range and was subtracted from 

the raw cross sections. Empty target yields were measured for both signs 

of detected particles and subtracted from the appropriate cross sections. 

Radiative processes are always present in this type of experiment. 

The data are corrected for radiation of two types: 1) the elastic 

radiative tail and 2) inelastic radiative corrections. These correc- 

tions are discussed in detail elsewhere (Ref. 4). 

A list of the major sources of systematic error in the experiment 

is given in Table I along with the typical estimated size for each error. 

The point to point errors are combined linearly as it is unclear to what 

extent they are correlated. The overall systematic errors arising from 

clearly independent sources are combined in quadrature. The result is 

3.2% point to point and 6.5% overall for the hydrogen data. A complete 

list of the cross sections and their svstematic errors is contained in 

Ref. 1. 

PHYSICS ANALYSIS - ELASTIC SCATTERING 

The elastic scattering cross section can be mitten as 

4) du/dn= Uns((G; + 7 G;)/(l+V) + 2TG; tan'(fJ/Z)) 

(J - 4a2/Q4 (E')* cos(8/2)*/(1+2Eo sin*('J/Z)) ns 

T = Q2/(2M)2 

where G M and GE are the electric and magnetic form factors which depend 
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TABLE I 

SYSTEMATIC ERRORS 

POINT-TO-POINT OVERALL 

SOUrCe Typical Size S0lJITe Typical Size 

PHA Cuts .8% 

Binning Codes 1.3% 

Hardware Flags 96% 

Pion Subtraction .5 

Beam 

Target 

Solid Angle 

Empty Target 
Subtraction 

.1.6% 

1.5% 

1.0% 

.7X 

Linear Sum 3.2% Positron Subtraction 2.% 

Radiative Corrections 5.0% 

Wl Extraction 1.0% 

Total Point to Point 3.2% 

Summed in Quadrature 6.8% 
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Fig. 10 
The elastic scattering data for the two highest Q2 points measured at 
60’. 
E' 

The data is plotted versus Missing Energy (ME = E' - Etelastic, 
elastic= Eo/(l + 2Eo sin2(e/2))). - 
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only on Q2. 

'The magnetic form factor GM is much better determined than GE over 

most of the Q2 range of Z.&V* to 33.4 GeV*. This is because vith 

increasing Q2 and or 8 the cross section is dominated by the GM contri- 

bution. FOG example, assuming form factor scaling (i.e., GM= p G 1 
PB 

one easj1y talculatrs that GE contributes only 3.35 to the cross section 

for e - 60° and Q2= 5 GeV2. The large angle measurements of elastic 

scattering measurement reported on here are mainly measurements of GM, 

and they extend to higher values of QL than previous measurements 

(Ref. 5). 

The data for the tvo highest Q2 measurement is shown in Fig. 10. 

The measured empty target contribution is large as indicated by the open 

data points on the graph and represents a non-negligible correction to 

the data. The previously measured data point at Q2- 25 GeV' (Ref. 5) 

did not have this correction made to it, and we estimate its size to be 

about -19% and have corrected it for our analysis. 

Field counting ideas predict that the elastic form factor should 

fall ae a power law in Q2 (Ref. i). The basic notion is that if the 

proton is made of three internal Parts and only one is struck by the 

virtual photon, then at l.east two internal momentum transfers must occur 

for the proton to recoil without breakup. Each internal momentum trans- 

fer will involve a propagator and thus a power of 1/Q2. A three particle 

proton should therefore have an elastic form factor that eventually 

behaves as l/Q4 at high values of Q2. Brodsky and Farrar (Ref. 7) 

surest plotting Q4 G / MS fip 
where G MS is defined by 

5) du/dCl= ins GM: ((l!pp+ T)/(l + t) + 27 tan2v3/2)) 

A plot of Q4G,& is shown in Fig. 11. The data are clearly not 
P 

in conflict with this simple field counting notion, and we conclude 

that to a good approximation GM/b = ,4/Q4 for Q2 > 5 GeV*. 
P 
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Fig. 11 
A plot of Q4GM,/r 

PC 
see text) for the new 50' and 60° and previous 

S’.AC data. 
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INELASTIC SCATTERING 

The inelastic scattering measurements are dominated by the contri- 

bution of Wl across the kinematic range of the data. We extract Wl 

from the measured cross sections using 

6) Wl='J/O exp mott (1 -E )/Cl + EN/(2 tan*(e/z)) 

where R = UL/ UT, and the value of .18 was used. Since -cc> = .12 

for the 50' and 60' data, even a factor of 2 error in R would result 

in only a 2% error in Wl. 

Generally, Wl of the proton could be a function of both W2 and Q2, 

but if "scaling" holds, Wl will be a function of only the dimensionless 

quantity made from their ratio (for example, x = Q'/(ZMv) or 

x' = Q2/(W2+ 9')). 

For a first look at the new data, we compare it to a reference 

function which reasonably represents the previous data on VW2. 

7) v W2" .6453 (1 - x')~+ 1.902 (1 - x')~- 2.34 (1 - x')' 

then using 2MWl =w vW2(1 + Q2/ v2)/(1 + R) and taking R to be .18, we 

have an analytic form for Wl. Fig. 12 shows the 50' and 60' data plot- 

ted versus x'. The lines (dashed and solid) are the reference Wl func- 

tion for the conditions shown on the figure. (Note WI cannot scale in 

x' if "w2 scales in x'and R has a constant value.) We see that for 

over three orders of magnitude in the size of Wl, the "guess" as to 

what WE would measure only fails at worst by 20-30X. This is a remark- 

able demonstration of the essential correctness of Bjorken's original 

ideas (Ref. 8). 

One parameterization of the scaling variable is the general form 

Wf’ l/xf= (2MV+ Mf2)/Q2; when M 2 
f *cl, Xf is Bjorken's original x , 

and when Mf2= M2, xf= x', the Bloom-Gilman variable (Ref. 9). In 1970 

we knew that vW2 did not scale in x as well as it did in x'. From 

IflO - 
I 3 

60” Z 

60” - 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
x’ 1*.,.,* 

Fig. 12 
A semi-log plot of 2MWl measured at 50° and 60' versus x'. The solid 
and dashed curves indicate an extrapolation from previous SLAC data 
assuming scaling in x' of vW2 and R = .18. 
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fig. 12 deviations from x' scaling for Wl(i.e., the spread in the data 

at fixed x') are apparent. To more clearly show the lack of scaling in 

x' 1 we interpolate the data to fixed values of x' and plot the results 

versus Q2 as shown in Fig. 13. For each x' bin we see a systematic 

fall-off as Q2 is increased. 

Can we fix this apparent x' scale breaking by making a different 

R assumption in our extraction Of Wl? (Recall we used R - .lg in 

Eq . 6 to translate the large angle cross sections into measurements of 

y.1 If one takes R to be increasing with Q2, the situation is made 

worse, as this causes W 1 to be even lower at the higher Q2's. We 

conclude that one needs R to be decreasing with increasing Q2 to account 

for the non-scaling in x'. R is a positive number,and t" Jccou"t for 

the whole effect. we would need R = 2 at low Q2 (where it is well 

measured to be less than .5) falling to zero by Q2= 20 GeV'. We 

conclude that the non-scaling in x' cannot be accounted for by changing 

R within the bounds set by previous measurements. 

We can fit the slopes in Q2 of straight lines through the data 

after we choose a scaling variable. Fig. 14 shows the results for x, 

x' and an x s U/X, = (2M Y + Ms2)/Q2) where we have fit the ME parameter 

and obtain a value of M', = 1.5 GeV2. The data has a range in Q2 of 

about lo-15 GeV2 at most fixed values of the scaling variable. As such, 

only the firstterm of a scale breaking func.tion in Q2(namely the slopes 

in Q2) can be reliably obtained as the deviation across 10 GeV2 is 

only 5-7%.. If we combine our Wl data with that of E. M. Riordan 

(Ref. 3) and fit for the overall Q2 slope in x', we get xs = -.0117 

+ .0006(GeV-2) with a X2 for the fit close to one per degree of free- 

dom. Fits of this simple form do not work well for the scaling variable, 

x. 

IO0 

10-l 

1 

I II I I 0.65 
I I 6 I , ! 0.70 

10-3 1 ’ ’ - - ’ . . ’ . . 
5 IO 15 20 25 ?,z 

Q2 (GeV2) 

Fig. 13 
2MW plotted versus Q2 and binned in x'. The horizontal lines indicate 
dat.$ points at the value 9-i x'. 
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Fig. 14 
The fitted Q2 slopes plotted against the scaling variable fnr x, X' and 

xs. 

It is also apparent from Fig. 14 that for the variable xs Fhere is no 

apparent scale breaking. In the variable xs, the data also show a remark- 

4 ably simple functional form, namely (1 - xs) . To demonstrate this, we 

plot 2Mw1/(1 - xs) 4 in Fig. 15 for the 50' and 60' data and the separated 

W1 data from Ref. 3. We have also used the separated vW2 data in the 

form wvW2(1 + Q21 v2)/1.181(l - xs)4 to show that no large contradiction 

exists using the value of R = .18. If we had been expecting a fourth 

power for f(x) = 2Mw1, the present data would be taken as spectacular 

confirmation of theory, but unfortunately we wanted the third power for 

the Drell-Yan-West relation (Ref. 10) to hold, given that G 

behave as l/Q4. 

M seems to 

To examine the power law dependence on the scaling variable, we 

made fits of the form C(l-xfja (where a and C were free parameters) 

for various values of Mf2. A plot of (Y versus Mf2 that results is 

shown in Fig. 16. On the right hand scale is the confidence level of 

the fit. This plot shows a mild coupling of the power law to the 

scaling variable. The best fit values for a fixed fourth power are C = 

3.19 + .03 with X2 = 187 for 189 degrees of freedom. 

The fourth power behavior also oersists through the resonance 

region. In Fig. 17, we have plotted 2hW1/(1-x )4 for our data with 
s 

W (2 GeV. The approximate values of Q2 are 10 GeV', 20 GeV2 and 

30 GeV' for the incident energies 6.5 GeV, 13.3 GeV and 19.5 GeV. 

The first resonance is seen to have greatly diminished in size compared 

to the second and third resonance regions. 

CONCLUSIONS 

The elastic scattering form factor GMS is found to be consistent 

with a power law fall-off for Q2>5 GeV’, namely l/Q4. This is 

consistent with field counting notions assuming three internal con- 

stituents within the proton. The inelastic structure function Wl is 
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PROTON STRUCTURE FUNCTIONS 
W>2 GeV, Q2>l GeV2 
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Fig. 16 
A plot of the power law, my , 
M* (closed circles). 

versus the scaling variable mass squared, 

of 
The bell shaped curve gives the confidence level 

the fir (read from the right hand scale). 
A plot of wvV2 L (I + Q’/vz)/(l + .lB)/(l - x j4 (data taken from Ref. 3) 
:;nd 2%’ /Cl - x 1 for the 50’ and 60’ data Tclosed data points) and the 
scrmathd data f ram Ref. 3 (open data points). 
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found not to scale in either x or x'. In the x' variable, the Q* slope 

is found to be-.0117+_ .0006 GeV*. The Wl data scale in a new variable 

x = Q2/(2Mv+ ME) with "' = 1.5 GeV2 and display a remarkably simple 
s s 

form in this variable: 2Mw1 = 3.19 (1 - xs)4 for W>2 GeV, and 

xs >.15. This fourth power behavior appears to continue to the highest 

values of xs measured, e.g., xs = .875. As such we find no evidence in 

support of the Drell-Yan-West relation. 
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fig. 17 
A plot of 2MWl/(l - xs) 4 

for data with W< 2 GeV. 
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Abstract 

Neutrino interactions with two muons in the final state have 

been observed by two experimental groups at Fermilab. The rate for 

two muon events is about 1% to 22 of the rate for all neutrino 

interactions. The experimental results and possible theoretical 

explanations are discussed. 
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Neutrino 

I 

-70m ---p-345m ---+- 

Figure 1: 

The experimental setup of the Zaltech-Fermilab narrow band beam. The primary 
proton beam (300 GeV) is incident on a prod;ction target (a secondary emission 
onnltor, SW, monitors the proton beam intensity). The beam transport 
elements select a secondary momentum (170 f&V). For normalized flux measure- 
ment s, the ion chambe.r (SIC) measured the intensity of the secondary beam. 
The Cerenkov counter (C) is used to determine the fraction of protons, pions, 
and kaons in the secondary beam. The neutrino detector is located behind 
5001~ of dirt shielding. 
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There are three types of neutrino-nucleon interactions (and the corre- 

sponding antineutrino-nucleon interactions) observed in Fermilab neutrino 

experiments. These interactions can be classified according to the number of 

muons in the final state. 

Type Reaction Rg;$iVe physics 

9r V + N + V + Hadrons 0.2- 0.4 Neutral Current 

4 v+N+p -+ Hadrons 1.0 Charged Current 

2" V+ N-'fi-+u + + v + Hedrons 0.01-0.02 New Physics 7 

The experimental results on the recently observed two-muon (q) events 

and possible theoretical explanationa are discussed in this presentation. 

Emphasis is placed on the results of the Caltech-Fermilab neutrino group. 1,2 

Some results from the Harvard-Pennsylvania-Wfsconsin-Fermilab (HPWF) collab- 

oration3 (which was the first group to report the observation of 2~ events) 

are also presented. 

As this is the only neutrino talk at this conference, I have compiled a 

list of other experimental papers 4.5 reporting on other aspects of neutrino 

physics at Fernilab and on details of the experimental apparatus. 

The largest sample of 2p events observed in the Caltech-Fermilab detector 

has been obtained in a recent run' where the primary emphasis was placed on 

the investigation of neutral current phenomena. The unique feature of this 

experiment is the narrow band neutrino beam. 4 The beam magnets and the 

experimental setup are shown in Figure 1. Secondaries produced near 0 mrad 

by 300 GeV protons were charge and momentum selected and focused into a 

parallel beam of 170 GeV central momentum. The approxlmntr acccptnncr of 

the beam was ap/p = 450 gster-l%, and AQ/Q = 36% (FWHM). The secondary 

beam was directed down a 345 meter evacuated decay pipe in which pion and 

kaon two body decays (UY) produced a ncutrino energy spectrum in the forward 

direction that contained two bands. The high energy band was centered about 

150 GeV (these neutrinos originated from kaon decays), and the low energy 

band was centered about 50 GeV (these neutrinos resulted from pion dpcays). 

The Caltech-Fermilab neutrino target-detector is located downstream of 

the decay pipe behind 500 meters of dirt and steel shielding. The target- 

detector consists of 143 tons of steel in the form of seventy slabs, each 

1.5m x 1.5m in area and 10 cm thickness. Seventy scintillation countfrs 

(one after every 10 cm of steel) are used to signal the passage of charged 

particles and to measure the hadron energy using calorimetry techniques. 

The hadron energy (Eh) resolution is f 33% (rms) at 10 GeV and f 9% at 150 GeV 

(it varies like l.l/ 6% ). Thirty five wire spark chambers (one every 20 cm 

of steel) monitor the final state muon trajectory in the detector. A 1.5m 

diameter solid steel toroidal magnet is located immediately downstream of the 

target-detector. It is in turn followed by a large array of spark chambers 

and several trigger counters. For muons traversing the magnet, the charges 

and rcomenta are determined from the direction and magnitude of the bend in 

the magnet. The muon energy (E*) is determined to f 20% (rms) by adding the 

dE/dx energy loss in the target to the energy measured by the deflection in 

the magnet. The apparatus is triggered by either a muon traversing the magnet 

or by a significant energy deposition in the target (>99% efficiency for 

s 112 GeV). Samples of neutrino interactions in the apparatus (charged 

current, neutral current and 2p events) are shown in Figures 2 and 3. 

The incident energy of the interacting neutrino is determined by summing 

the measured muon and hadron energies. The measured energy distributions for 

charged current events where the muon traversed the magnet are shwn in 

Figure 4. The characteristic two band structure of the dichromatic beam 

(broadened by the experimental resolution) is clearly evident. 
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Several features of the experiment relevant to the investigation of 2,, 

events ate: (1) the neutrino beam contains only high energy neutrinos (the 

small low energy component is measured by closing the mDme"tum defining slit 

and subtracted): (2) the beam is set for either neutrinos or antineutrinos 

(unlike a wide band beam where both types of neutrinos are present); (3) the 

two band structure sometimes allows the determination of the incident neutrino 

energy for an event where not all energies are measured if there is sufficient 

information to determine whether the event originated from a pion (v,) or a 

kaon (v,, neutrino. (This is important for 2q events because there is a” 

unmeasured neutrino in the final state); (4) the target is a dense materia1 

(Fe) minimizing “extra” muons that originate from decays of pions and kaons 

in the final state hadron shower cascade; (5) m"""s ate identified with good 

solid angle dew, to -3 GeV since the Fe target also serves as a muon identi- 

fier; (6) a" important limitation is the small aperture of the magnet which 

means that the muon mOmenta and sign are only determined for a fraction of 

the events. 

The criteria for selecting events were: for lQ events - at least one 

muon penetrates a 2m of steel (corresponding to Ep > 3 GeV), and for Q events- 

two muons are observed to penetrate j, 2m of steel. Using these criteria the 

observed events were divided as follows: 

v - Beam v - Beam 

1P 2313 446 

2cL 19 2 

The ZP events have been classified into four types: type 1, both p’s 

through the magnet; type 2, only p 
+ 

through the magnet; type 3, only p- 

through the magnet; and type 4, neither rrmo" through the magnet. For muons 

that miss the magnet only 1P Tin I is measured. Figure 3 shows examples of 

21.1 events - the first being a type 1 and the second being a type 4 event with 

one muon stopping by range in the Fe detector. 
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The most plausible explanation (which would not imply new physics), for 

the observed 2~ events is that they result from the decays.of pions and kaons 

in ordinary neutrino interactions 

V+N-p- + hsdrons (K'S, k's, etc....) 

L P+v 

The calculation of this source of background is difficult because the multi- 

plicity and rapidity distributions of final state hadrons in high energy 

neutrino interactions are not yet available. In our calculation it, was 

assumed that the final state hadron distributions in neutrino interactions 

are the same as those for nf + nucleon - hadrons. The high energy final state 

pions and kaons have a long lifetime and only e small probability of decay before 

they interact again and produce more (but lower energy) pions and kaona. This 

cascade follows until the hadron shower is completely absorbed in the steel 

tnrpct-calorimeter. The calculation follows the development of the cascade 

using known T f nucleon and K + nucleon final state distributions. The muons 

resulting from 7r decay are the major contributors to the G background. The 

results of the calculation are shown in Figure Sa, where the calculated curves 

are the integrated probabilities that muons of energy E > E will originate 
li 

frm hadron showers of various energies sad. When this probability is folded 

against the measured final state hadron energy distribution for singIe p events 

(see Figure 5b), WC obtain the expected number of background & events origin- 

ating frzm T and i- decays. The expected background is shown in figures 6a 

<zrr n+crrinss) and 6b ffor antineutrinos), where the curves show the Lnte- 

grared number of background 2~ events with the "extra-muon" energy E 
Pf 

>E. 

F.,c :h~ ~‘e‘~trin;. running. the cnmarison of the data to the calculated back- 

ground is done as follows. When the p 
+ 

energy is measured (i.e. types 1 and 3) 

the "extra-muon" energy is taken to be the energy of this wrong sign muon. 

Figure 5(e): The probability that 

lo-51 1 I I I 1 I 
5 IO El5 20 25 30 

(GE") 

600. I I I 

\ 
f6) 

SINGLE p NEUTRINO EVENTS 

I \ (2313 Events1 I 
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tt 

Figure 5(b): The hadron energy 
distribution for single p 

2 charge current events (measured). 
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EXPECTED FROM 

2p ANTINEUTRINO EVENTS 

WITH “p-” ENERGY E,, ) E 

EXPECTEO FROM 
,/---- R AND K DECAYS 

Pigure 6 

For type 2 events (where the second muon missed the magnet) the energy of the 

"extra-muon" is taken to be IP tp:"l (obtained f ram the penetration range of the 

second muon before it exits the side of the target); and for type 4 events 

(where both muons missed the magnet) we take the energy of the "extra" muon to 

be the smaller of IP$"I and IP$nl. The events in Figure 6(a) include four 

type 1, one type 2, four type 3, and ten type 4 events. 

For the neutrino running (as can be seen in Figure 6a) the events with 

a high energy "extra" muon cannot be explained on the basis of the ?r and K 

decay background calculation. For example. for E 
P+ 

> 14 GeV there are four 

events as compared to an expected background of 0.2 events. Some of the events 

with a lower energy "extra" muon are probably background events. 

Ihe calcu:ated background is somewhat over estimated because the hadron 

shower must be directed at some forward angle for a muon resulting from a ?r 

or K decay fo trsverse 2m of steel before it exits out the side of the target. 

This effect was not included in the background calculations. Also, in events 

where only a lower limit on the "extra" muon energy is available, the "extra" 

muon's energy is probably higher thus making it less likely that the muon had 

originated from a V or K decay. 

Our conclusion at this point is that for the neutrino running we observe 

a definite signal of & events which is not explained by the calculated back- 

ground from P or K decays. For the antineutrino running we only have '& events, 

which is not statistically significant as it is consistent with the background 

caclulations, and no conclusions can be drawn about production of & events 

by antineutrinos. 

ke now restrict ourselves to the neutrino data. In order to investigate 

the distribution of pr events we only look at the eight events (types 1 and 3) 

where at least the u- traversed the magnet (see Table I). For the calculation 

of the relevant kinematic variables for the '& events we must know whether 

the muons are associated with the neutrino vertex or the hadron vertex (see 

Fl.gures 7 and 9). Since we have a pure neutrino beam, there are only three 

possibilities: (1) both muons are associated with the neutrino vertex; 
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6 3 102.4 8.3 25.6 

7 3 122.5 =3.3 13.5 

Table I : Neutrino running - 2~ events where the IL- traversed 
the magnet. AU energy units are in GeV. q is ,the 
transverse momentum of the second muon relative to 
the hadron (W) direction. 

w (cw) 
Figure 8 : The invariant maas W distribution for 2~ 

events VersIu that for regular charged current 
events where the u- traversed the magnet. 0~ 
ambiguous event is shown on both the$ and tik 

plots. 
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(2) both muons are associated with the hadron vertex; (3) the pi- is asociated 

with neutrino vertex and the Jo + is associated with the hadron vertex (only for 

a” antineutrino beam can the p + alone be associated with the upper vertex). 

The kinematic properties of the eight 2,~ events where the p- traversed 

the magnet are shown in Table I. Here the variables x, y, W and P; are 

calculated under the assumption that the p- is associated with the neutrino 

vertex (see Figure 7); i.e. W is the invariant mass recoiling against the p-, 

and P; is the transverse mome”t”m of the p+ with respect to the hadron (W) 

direction. The invariant mass of the two muon system (m 
UP) i 

s relevant if 

the two muons are associated with the same vertex. Out of the eight events 

we have four events (No. l-4) where both muons traversed the magnet, one event 

(No. 7) where the second muon ranged out in the target, and three events where 

the second muon escaped out the side of the target and only a lower limit on 

its energy is available. Note that the total observed energy for seven out 

of eight events is so large that those events rrmst have originated from a 

yk neutrino interaction (<EV>c+ 150 GeV). For the four events where both 

muons traversed the magnet the total observed energy fs close to the mea” 

energy of all vk events Indicating that the final state neutrino (which must 

be there if Iepton rumber is conserved) carried only a small fraction of the 

available energy. Events in which only a lower limit on the energy of the 

second mu”” is available, but have total observed energy Eobs > 120 GeV, are 

clearly Vk events. For these events we make use of the knowledge of the 

energy spectrum of vk neutrinos and set the incident neutrino energy to 150 GeV. 

This allows us to calculate some of the kinematic properties of these events. 

Only the last event (No. 8) is ambiguous and could have also originated from a 

high energy vT. For this event we calculate the kinematic variables for both 

possibilities. 

The properties of the events are sumrarized below: 

(1) For the four events where the “extra” muon’s sign and momentum are 

Rgurc 7 : NEW ?Ws\c s 
~ossl0llrTlC s (EXAHPL~S) 
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Figure 10 : The n+/ti- ratio 
as a function of the fractioa , + ANTINEUTRINO n-& 

of the energy carried by the 14 - 
pion. The dnta is for neutr?Ilo 
induced hadron final states 
~.t c~m-ca~-g~elL.:. zll is the !2 _ 

energy of the pion and v 
is the energy transfer to the IO- 
nucleon sys tern. 
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Figure ll : The availab~ phsse 
space for the production of a 
heavy k$,On of mass M = 5 Ck?V 
by incident neutrinos of various 
kboratory energies. 
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(4) 

(1) 

the 

measured all events have opposite sign muons and E > E 
P- Ir+* 

The events occur with typical x and y for deep inelestic scattering 

(<x>= 0.21 for the 2p versus <x> = 0.24 for single p events). 

There is no apparent peek in mass distribution of the 211 system (thus 

excluding the production of narrow neutral resonances as a mechanism 

for 2p events). 

The invariant mass W recoiling against the p- tends to be large (see 

Figure 8). 

We now consider examples of possible physics explanations (see Figure 9). 

The production end decay of an anomalous large number of fast pions or 

kaons produced in ordinary neutrino interactions. This is unlikely, but 

could occur if the rapidity distribution shows a leading particle in the 

current fragmentation region. This in itself would be new physics. Figure 10 - 

shows the T+/T- ratio measured at Gargamelle6 (<Et%5 GeV) as a function of 

z = ET/v (where v is the energy transfer to the hadron system). The large 

#/7i. ratio near z = 1 will result in opposite sign muons if the muons came 

from T decay. However, no rapidity distributions are available. It is also 

not clear if the behavior of 5 GeV neutrino final states carries over to the 

150 CeV region. 

(2) Production uf a new short lived particle at the neutrino vertex. For 

example, the productZoo and subsequent fast decay of a neutral heavy lepton. 
7 

A mass of about 5-g GeV 1s roughly consistent with the data. The energy 

dependence of the cross section will then be explained by the lack of available 

phase space and the small value of F2(x) near x = 1 (see Figure 11). A decay 

via a V-A interaction will lead to E 
P- > 5' . However, the observed 

ssyannetry is larger than expected (but the statistics are low). The m 
w 

spectrum will have a high cutoff (when the final state neutrino carries no 

energy) at m = mass of Mo (Mo-+p+p- v). Future tests of this possibility 
UP 
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will involve running at high energy and if any larger m masses are observed 
w 

then other mechanisms must be responsible for the higher m values. Note 
PP 

that for this kind of test the 5 events must be screened very carefully for 

possible backgrounds from ‘TT and K decays. These background events will have 

a very large Ewe/Ep+ ratio because the p + resulting from decays will be of 

low energy. The background events will also give anomalous values for m 
PP 

because the two moons are from different vertices. Another good test for MO 

production is Co ascertain if production of & events by antineutrinos exists, 

since the production ofTo by i, is expected to be significant (while, for 

example, production of charmed particles by antineutrinos is suppressed). 

Note, however, the ?k flux is low (see Figure 4) compared to the vk flux. 

(3) Production of a new short lived particle at the hadron vertex. For 

charmed hadron production. 
a 

example, In the conventional charm-quark model, 

charmed hadrons can be produced singly (see Figure 12) by neutrinos off d 

valence quarks, while production by antineutrinos can only occur off the sea 

of quark-antiquark pairs (and therefore can only occur at small x and is 

suppressed). The observed 2p events occur at typical x and y for deep 

inelastic scattering and (in a quark model language) are produced off valence 

quarks. However, the production by neutrinos off valence quarks is suppressed 

by sin2ec (- 0.05) and this means that if charm production is to explain the 

rate of observed 2~ events (2.5% at <EV> 5 150 GeV) an unlikely large branch- 

ing ratio for decays into leptons (- 50%) is needed. A right handed (WA) 

charm changing charged current has been recently proposed’ to explain the 

I = l/2 rule in weak decays. In such a model, the sin2ec suppression of 

charmed particle production does not appear, while production by antineutrinos 

off valence quarks is still not allowed (unless one has passed the threshold 

for the production of a pair of charmed particles). Other proposed production 

mechanisms include the direct coupling of the W boson to a charmed meson. 
9 
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In general new hadron production models* also predict the exirtence of 

2+ events where both muon* have the &sme sign. The obecrvation of four ,,- ,,- 

events(about 10% of the 4 events) by APUF group (reported by Cli"e3) is 

consistent with new hadron production models (but is inconsietent with M" 

production if the T and K decay explanation is excluded for those events). 

Future test of the charmed hadron hypothesis will include the investigation 

of 2p production by antineutrinos and the investigation of events with two 

muons of the same sign. 

We now discuss the results of other experimental groups. No Z$ events 

have been reported by the CERN-Gargamelle group 
11 

(<EV>fj 5 GeV). Early 

results from Serpukhov'* (<EV>w 15 GeV) indicated a possible 2p signal at 

the 10 -3 level of single p events. Recent reports by the group at the Balaton 

Conference in Hungary are that the current limit of 2~ events is < 5x10 -4 of 

the single p rate. These numbers are to be compared to the Caltech results 

where the raw experimental ratios of & to single p events are C 2 xl0 -3 at 

<E~>F* 50 GeV (< 1 event per 500 l+~ events) and 2.5x10-' at <Ey>&50 GeV 

(7-8 events per 342 single p events). It appears that there is a strong 

energy dependence of the G croes section if the ratio to single or events 

varies from < 5x10 -4 at<EV>m 15 GeV to 2.5x10 -2 at <Ey>w 150 GeV. 

Elaborate studies of the efficiency for the detection of 2p events must be 

performed before a detailed energy dependence of the 2p cross section can be 

obtained. However, models of the production of + events must be used in 

such a calculation. For example, if the second muon came from the decay of a 

new particle produced at the hadron vertex, then it will tend to follow the 

direction of the final state hadron shower. This means that there is an 

inefficiency in the detection of the second muon if the hadron shower direction 

is at a large angle with respect to the beam axis (the second muon must go 

somewhat forward to penetrate 2m of steel before it exits the target). The 

large angle shovers tend to be at small W. Figure 8 shows that about SO% of 

the 4 events at <Ey>w 50 GeV and about 25% of the l,, events at <EV>w 150 GeV 

have a final state hadron system at such a" angle that if a muon were to be 

emitted at that direction, it could not travers 2m of steel before exiting 

the target. There is also the additional fact that at large Y (i.e. large Ev) 

the decay muon will tend to follow the hadron shower direction more than at 

low v (i.e. low EV), because of the Lorentz transformation of the c.m. decay 

to the laboratory frame. A detailed calculation of this effect involves 

assumptionsabout the Pt and X,, distribution of the new particle at production. 

We now turn to the results of the HPWF neutrino group. 3 
A" example of a 

$ event observed by the HPWF collaboration 3'5 is shown in Figure 13. This 

group was the first to report on the observation of + events in neutrino inter- 

actions. The HPWF collaboration obtained data with several types of wide band 

neutrino beams. sTll e advantage of the wide band beam is the high neutrino flux. 

The disadvantages are that the beam contains both neutrinos and antineutrinos 

of a wide spectrum of energies. 

The RPWF apparatus (see Figure 13) consists of a liquid scintillator 

calorimeter, (which determines the hadron energy to an rms accuracy of about 

10% for 10 6 EH < 100 GeV) and a system of toroidal iron cnre magnets for 

measuring the final state muon momentum. Optical spark chambers determine the 

muon trajectories in the calorimeter and through the magnet. The calorimeter 

serves as a neutrino target - detector with good resolution for low energy 

hadron showers but it is of low mass and density. Therefore, 2~ events origina- 

ting in the steel hadron filter (which serves the purpose of stopping final 

state hadrons from high energy hadro" showers) and also in the steel of the 

first magnet module are used to supplement the data. For those events, no 

information is available on the final state hadron energy. 

c 
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BY comparing the rate of & events in the calorimeter to that in the 

steel filter, they ascertain that the 2\1 events do ?ot originate from B or K 

decays. This is because the event rates in the two targets (which are of equal 

mass) are the same and are not in the ratio of the absorption lengths of the 

two materials (as expected for events originating from B and K decays). This 

experimental fact renders even more unlikely the previously mentioned possibil: 

ity that the & events may originate from decays of fast T'S and K's and an 

eaomalous final state hadron rapidity distribution. 

Figure 14 shows the HPWP 2~ date. The major conclusions of the group are: 

(1) 

(2) 

(3) 

(4) 

(5) 

(‘5) 

The 

The events are not T or K decay. 

There is a predominance of opposite sign muons (4 (or 10%) w- p- 

are reported). 

The absence of 3 muon final states requires the existence of a 

neutrino in the final state (by lepton conservation). 

Most events have P 
P‘ 

> Pp+ (see PP-, pp+ P lot in Figure 14). 

The fraction of events with FP+ > P 
P 

- is roughly equal to the 

fracrion of antineutrinos in the beam. 

Events are 'itypically" inelastic as the hadron energy is com- 

parable to the energy of each of the muons (for events in the 

calorimeter). 

There is no predominant peak in the invariant mass of the two 

muon system (see m 
!-w 

plots in Figure 14). 

transverse mOmenturn with respect to the W direction of the "extra" 

muon is difficult to calculate for several reasons. It is not clear which 

mum is the "extra" muon as tine beam contains both neutrinos and antineutrinos; 

the incident neutrino energy is not known, and for events originating in the 

steel filter the final state hadron energy is not available either. Therefore, 

th<, projected momcntum of each of the muons on the plane defined by thr incident 

Figure 14: Distributions of 2~ events 
(HPWF data ) 
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neutrino beam and the other won is calculated instead, and the smaller of the 

two is chosen. (See Pt plot Figure 14). For events originating in the calor- 

imeter, the hadron energy is available, but whether the incident particle was 

a neutrino or antineutrino is not known. Therefore, the quantity Wmin which 

is the final state hadronic mass calculated under the assumption that the 

final state neutrino carried "0 energy is calculated twice (for both possi- 

bilities), and the two values plotted (see Wmin plot Figure 14). 

0" the basis of the Pt (projected) plot, they conclude that if the 

particle is a hadron, then its mass is greater than 2 GeV. This is because 

the maximum Pt for a muon resulting from the decay of a particle of mass M 

is M/Z, and the plot appears to cut off at about 1 GeV. However, note that 

there is some Pt given in production which could be as much as 1 GcV for a 

massive particle. They also conclude that since Wmi" has no values below 

4 GeV, that 4 GeV is the upper limit for the mass of the particle. This last 

conclusion is tenuous, because from a minimum value of W it is hard to obtain 

a" upper limit. The Caltech data for the W (not Urnin) distribution of vk 2+& 

events (Figure 8) appears to have a lower cut-off at W = 9 GeV with one event 

at W = 5.3 GeV (which could be a p or k decay G event because Pu+ has the 

rather low value of 3.3 GeV). If the new particle is a hadron, then, until 

more data is available, my estimate is that the mass is roughly between 1 and 

9 GeV. 

More data especially with antineutrinos, will be available shortly. 
13.14 

I" particular, the Caltech-Fermilab group is carrying out a series of normalized 

total moss section measurements for various incident neutrino and antineutrino 

energies. 

Looking towards the future a year from now, we expect major improvements 

in the detection apparatus of the neutrino experiments. The RPWP group will 
15 

add a 20' diameter magnet section to detect larger angle muons. The Caltech- 
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Fermilab group will be moving to the new Lab E facility 
16 

and improve their 

apparatus in two ways. The 5’ x5’ steel target modules will be replaced by 

10’ x10’ modules, and the 5’ diameter magnet will be replaced with three 10’ 

long and 12’diameter iron core toroids (see FLgure 15). The taroids vi11 be 

constructed from 8” steel slabs interspersed with calorimatry counters aud 

vire spark chambers. In addition to detacting final state muous from neutrino 

Interactions in the target, the toroids themselves will serve as a GO0 ton 

magnetized steel target. The calorimeter counters will measure the hadron 

energy released in neutrino interactions in the magnet steel vhfle the spark 

chambers will track the single or multi final state muons as they bend in 

the magnetized steel. This arrangement offers a large solid angle for multi- 

muon final states. 

In conclusion, we shall have exciting new data in the near future that 

will help in our understanding of the origin of the 2q events. In addition, 

the future improvements In the detection apparatus sill provide more powerful 

tools to further our understanding of neutrino physics. 
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1. INTRODUCTION AND HYPCTHESES 

The purpose of this talk is to describe the properties of the en 

events 172 found in the data of the SIAC-LBL magnetic detector collabo- 

ration1 using the SPEXR electron-positron colliding beams facility. 

The basic evidence for the eM events will be summarized here (Sec. 3), 

but not fully discussed. New WidEme using improved muon-pion separation 

will also be presented (Sec. 4). Most of the talk is devoted to the pro- 

perties of the events, and the relations of those properties to various 

hypotheses ss to the nature of the events. However this brief presentation 

of the evidence should not be taken to mean that we regard the evidence ss - 

no longer open to examination. Me WelCome critical examination of the 

evidenCe and the suggestion of alternative exp1snation.s of the events. 

The ep events have the form 
+ + 

e + e- + e- + p i + 2-or-more undetected particles (1.1) 

The undetected particle are charged particles or photons which escape 

2.6n sr solid angle of the detector, or particles very difficult to 

detect such as neutrons, $ mesons, or neutrinos. In discussing hypo- 

theses which may explain the eg events I shall limit myself to the 

cases in which the events are the decay products of a pair of particles 

produced in the reaction 

e+ + e- +U+ + U- (1.2) 

The name IJ refers to the unknown nature of the particle. When the nature 

of the U particle is elucidated, assuming the pair production hypothesis 

is correct, a systematic or mnemonic name may be chosen. Hypotheses 

other than pair production were noted in Refs. 1 and 2, but we have not 

made any progress in developing such hypothesis. Perhaps we sre being 

short-sighted in this regard. 

Next we consider some possibilities as to the nature of the 

IJ particle: 

A. Heavy Leptons 

Suppose the electron (e') and su.~on (Z) are the lowest mass members 

of a sequence of leptons, 95 * 
each l&on (c) having e. unique quantum 

number nk and a unique associated associated neutrino (vt). Such se- 

guential 3 heavy leptons have the purely leptonic decay modes: 

c+v +e-+S c e ’ t- + V& + p- + v )I (1.3) 

assuming the quantum number n&must be conserved as are np and n e. (The 

&+ has corresponding decay modes.) If the &has a sufficiently large mass 

it will else have semileptonic decay modes. 

&- +vt + x6-, ?, +va f Km , &- 4 v,+ P- , &- -svc+ 2 or more h&irons 

(1.4) 

Other properties of the 8 still have to be specified. The 8 - vL 

weak current may be V - A as with conventional leptons or it may be some 

other combination CiV + SA where CY and S are arbitrary. 697 However with 

our present statistics we are content to use the V - A assumption for 

most of our illustrations. In addition the v&might have s non-zero 

mass -- but again for simplicity we shall assume 

mass Of V& = 0 (1.5) 

Finally we sssume the &has spin l/2 leading to the pair production dif- 

ferential cross section 

d"ee -3 &t /do = $ [(l + COS2 e) + (1 - B 2 ) sin 2e 1 (1.6) 

in the laboratory frame. 0, '9 are the angles of the 4'; the e+e- beams 

are assumed to be unpolarized; S = v&/c wherevt is the velocity of the & 

334 



in the laboratory frame; and the total energy is 

h =Em (also callea w) 

Integrating over all angles: 

0 De +ti = 
43.4@(3 - 8) nb 

E2 
cm 

(1.7) 

(1.8) 

where Em is in GeV. 

B. Heavy Mesons 

If new charged mesons (2) exist which have relatively large leptonic 

decay modes (due to the inhibition of purely hadronic decay modes) then 

the purely leptonic decay modes. 

M- +e- + 7 . e ' M- + pi- + v 
ii ' (1.9) 

can lead to the reaction in Eq. 1.1 Such charged mesons are predicted 

by theories which introduce the charmed quark. 8,9 Of course, in an ex- 

perimental search we need not restrict the interpretation of Eq. 1.9 to 

a particular theory -- indeed we shall not a priori restrict the mass or 

spin of M in this discussion. The M might also have semileptonic decay 

modes. 

M- -+ e - + ;e + hadrons , M- +w- + VI1 + hadrons (1.10) 

The pair production cross section for the M is not known a priori. 

I shall use a form 

where q is a constant, B = vM/c, B3 is a guess at a threshold factor, and 

FM(s) is a production form factor. 

C. New Baryons 

The U might be a new type of baryon with decay modes such as 

B- --te- + ;e + n , B- -rfi- + ; + n 
LJ (1.12) 

where n is the neutron. Such baryons are predicted by the charmed hadron 

theories, and interestingly by an old speculation of M. Goldhaber 10 on 

the doubling of fermions. 

D. Elementary Bosoms 

Although the mass IJ. of the intermediate bosons which is supposed to 
+ 

mediate the weak interaction (W-), if it exists, is probably too high to 

allow pair production at the energies discussed in this paper; the decay 

llKXiC?S 

w- -f e- + Ge , w- -+ ii- + v 
u ; 0.13) 

can lead to the reaction of Eq. 1.1 

We may also consider other types of elementary bosons -- not neces- 

sarily the intermediate boson W. The difference between an elementary 

boson and a heavy meson is that we suppose the former to be s point par- 

ticle with a form factor always equal to unity. 

2. EmERIMENTA LP.f&THODAND DATA 

The magnetic detector a"3 (Fig. 1) used in the experiment has a 

4 kg magnetic field produced by a coil of radius 1.65 m and length 

3.6 In. Most of the space inside the coil, namely the magnetic field 

region, is occupied by cylindrical magnetostrictive spark chambers. The 

azimuthal angle, 6, subtended by these chambers extends from 50' to 130' 

relative to the e+ beam direction. 'Rx full cylindrical angle of 2x is 

covered. jut inside the coil ere 48, 2.6 m long, scintillation counters, 

and just outside the coil sre 24, 3.1 m long, lead plastic-scintillator 
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shower counters. The scintillation and shower counters cover the full 

2s cylindrical angle. Outside the shower counters is the iron flux 

return which is 20 cm thick. Finally on the outside are magnetostrictive 

spark chambers called muon detection chambers. For particles to reach 

these chambers they must pass thro.@ the aluminum coil, the shower 

counters, the iron flux return and other material totaling 1.67 absorp- 

tion lengths for pions. For the data acquired before January 1975, the 

entire lateral area of the detector was covered with muon detection 

chambers. After January 1975, 7C$ of the lateral area was so covered. 

Electrons are identified solelyby requiring a shower counter pulse 

height greater than that produced by a 0.5 GeV electron. Muon are 

identified by two requirements: the p must be detected in one of the 

muon chambers and the shower counter pulse of the p must be small. All 

other charged particles we called hadrons. The shower counters also 

detect photons (7). For 7 energies above 200 MeV, the 7 detection 

efficiency is about 93%. 

To find the en events of Eq. 1.1 we define a coplanarity angle 

ccm e cop1 = 421 x ,n,+) * (z2 x,ne+)/(l$l Qe+I t_n, x,n,+l) (2.1) 

where n -1' $9 2,+ are unit vectors along the directions of particles 1, 

2, and the e+ beam. The contamination of events from the reactions 

e+e- -+ e+e- and e'e- +u'+ll- is greatly reduced if we require 6 
COP1 

> 2o". 

To reach the muon chambers, Fig. 1, a particle must have a momentum 

greater than about 0.55 GeV/c. Therefore muons can only be identified at 

higher momenta. Also electrons of momentum below 0.5 GeV/c will be mis- 

identified as pions more than half the time. Therefore to select ep events 

we require that the momenta of particle 1 (p,) and of particle 2 (p,) each 
Fig. 1 The magnetfc detector. 
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be greater than C.65 GeV/c. Thus the primary selection criteria for 

finding the en events are 

(1) 2-prongs 

(2) ecopl > 2o” (2.2) 
(3) pl > 0.65 GeV/c and p2 > 0.65 GeV/c. 

The relative size of the event sample which meets the criteria in 

Eq. 2.2 compared to the numbers of other types of events is shown in 

Table I. Two examples are given, one involving a large statistics run 

at E cm = 4.8 GeV and the other a set of runs in the energy interval 

5.6 5 Em‘< 6.8 GeV ' 

TABLE1 

E, (CeV) 

Number of j-or-more 
prong events 

4.8 5.6 to 6.8 

9550 10,929 

Wmber of 0 
COP1 

< 2o” 

2-prong events (mostly 
ee +ee and ee -s@@) 

r5’3@J 30,292 

Nunber of 'J 
COP1 

> 2o” 2493 
2-prong events 

3237 

Number of e., 
pl > 0.65 G:V$ 

> 2o” 513 524 

p2 > 0.65 w/c 

2-prong events 

A tabulation of the types of events which meet the criteria of Eq. 2.2 

is given in Tables IIa and 13%. In the tables the events are classified 

according to 

(1) Total charge (Q) : 0, 'i 2 

(2) Number of photons associated withevent: 0, 1, or > 1. 

(3) The charged particle nature e, I.L, or h (for hadron). Any particle 

not an e or a u is called an h. 

We make the following observations on Table IIa and IIb 

(1) where are very few 4 = + 2 events and ne focus our attention on 

the Q = 0 events. 

(2) If there were no particle misidentification, no decays in flight, 

and no anomalous events we should see only 

(a) e+ e- 
47 

events from e+ + e- -3 e + e - + Y' e 
+ +e--te + + e- + 

14 e+ 27, or from +e--se + + e- + ir+ + p-. 

b) II+ P- events from similar reactions. 

(c) hh events. 

(3) The 24 or 17 ep events in column 1 of Table IIa or IIh catch our 

attention immediately. We shall refer to them as the signature 

ep events. If they cannot be explained by particle misidentification 

or decays in flight they constitute the anomalous leptonic signal of 

the reaction in Eq. 1.1. Incidently they cannot come from the two- 

virtual-photon process,14 
+ e + em -i e+ + e- + I;' + W- (2.3) 

since we should see equal numbers of e+ IL” or e- g-; and we see only 0 or 

1 such events (column 4 in Table IIa or Ilb) 
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TABLE IIa 3. SUMM4RYOFBACKGRUJNDS'l'UDlES 

Distribution of 2-prong events, obtained at Em = 4.8 GeV, which meet The dominant contamination in the el.r events is from hadronic events 

the criteria: kll > 0.65 GeV/c, hpgl > 0.65 GeV/c, ecopl > 20'. in whieh+m charged particles and no photons are detected; and (1) the 

Total Charge = 0 Total Charge = + 2 

Number 
Photons = 0 1 >1 0 1 >l 

ee 40 3-n 55 0 1 0 

w 24 8 a 0 0 3 
w 16 15 6 0 0 0 

eh 20 21 32 2 3 3 
irh 17 14 31 4 0 5 
hh 14 10 30 10 4 6 

detected hadrons are misidentified as an e or &I; 0~ (2) the detected 

charged particles are e's or w's from hadron decays. Ekmples of (1) 

are a K' penetrating the iron and being identified as a cl', a n- pro- 

ducing a large shower counter pulse height, or a n + 7 appearing in 

the same shower counter thus appearing to be an e. Ecmples of (2) are 

a p+ decay or an e- from Ke3 decay. Smaller sources of background are 

the misidentification of an e in an ee pair as a i-r; OF conversely 

misidentification of a p in a pg pair as an e. We have two ways to de- 

termine these backgrounds. 

A. Ekternal Determination 

We can determine the background from hadron misidentification or 

TABLE IIb 

Distribution of 2-prong events, obtained in the range 5.6 6 Ecm < 6.8 

GeV, which meet the criteria [zll > 0.6 GeV/c, Iz2 I> 0.6 GaV/c, 

e cop1 > 2o". 'l?era was only 70% muon chamber coverage for this data. 

Events in which neither prong points toward a muon chamber are not in- 

eluded; and non-eCi events in which only one prong points toward a muon 

chamber are csunted as 0.5 events. 

Total Charge = 0 Total Charge = 'r 2 
Number 
Photons = 0 1 >l 0 1 >l 

ee 21 60 33.5 0 1 0 

w 17 7 3 1 1 0 

vi-r 13 9 6 1 0 1 
eh 17 20.5 22 2 3.5 2 

crh 13.5 14 21 0 0.5 3 
hh 15 17 33.5 7.5 4.5 a 

decay by using the three-or-more-prong events of Table I assuming every 

particle called an e or a g by the detector was either a misidentified 

hadron or came from the decay of a hadron. Thus the possibility of 

anomalous lepton production in 3-or-more prong events is ignored, any 

such production being included in this background calculation. we use 

Ph +'a to designate the sum of the probabilities for misidentification 

or decay causing a hadron h to be called a lepton a. Since the P's are 

momentum dependent' we use all the eh, wh, and hh events in column 1 

of Table II to determine a "hadron" momentum spectrum, and weight the P's 

accordingly. For the two data samples we are m in detail we 

obtain the momentum averaged probabilities in Table III'. COllinear ee 
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:-, 

snd wp events are used to determine Pe -th and P )~-rh' The statistical 

errors in the P's in Table III are < 15%. 

TABLE III 

Ecm(G=V) 4.8 5.6 to 6.8 

P 
h+e .18 

P 
h-111 

.20 

'h +h .62 

P e+h .056 
P .c!8 u+h 
6 .Oll 

e -+il 
P < .Ol 
v+= 

.19 

.17 

.64 

.@O 

.03 

.Oll 
< .Ol 

Next we apply the P's in Table III to the column 1 events in 

Table II. As shown in Table IV, P or P are small sources of 
e +P p+= 

e;: background. An additional effect of e misidentification is to send 

ee events into the eh category; similarly !J misidentification sends $4~ 

events into the ph category, and both misidentifications cause a slight 

contamination of the hh category. The numbers in these categories cor- 

rected for these contaminations and designated by a prime are given in 

Table IV for use in the next background calculation. 

TABLE IV 

Swmaary of background calculations. (The errors in the table are the statis- 

tical errors in the determination of the P's in quadrature with the statistical 

error in the number of events.) 

Em (G=V) 4.8 5.6 to 6.0 

N eh 20 17 

N:h = Neh corrected for ee 

contamination 

15.8 14.8 

N 
vh 

N' =N 
uh ph 

corrected for pp 

contamination 

17 13.5 

14.2 Il.2 

Nhh 
Q = Nhh corrected for ee 

and wp contamination 

13.8 14.8 

N el.r background from ee 
1.0 + 0.2 0.5 + 0.2 

N ep background from MI 
< 0.4 < 0.3 

N ep background from hh 3.7 + 0.7 3.0 + 0.6 

calculated using Eq. 3.3 

Total N ep background 4.7 + 0.7 3.5 ‘f 0.6 

from sum of preceeding 3 rows 

lij eii background from bh 8.1 + 3.7 5.5 + 2.6 

calculated using only column 1 
events and Eq. 3.4 

N w signature events 24 17 
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L now come to the major question -- can the ep events be due to 

P 
h-tu 

or P h+e 
? First a rough calculation using the 4.8 GeV data. 

Let us suppose that all ep, eh, nh, and hh events (after correction for 

P e -, h and ' u+h ) are actuslly hh events. Then for the 4.8 GeV data. . 

(3.1) 

and the predicted ep background is 

N eu background p 2 'h +u 'h + e Nhh,true,approximate = A-9 (3.2) 

thus only 4 or 5 of the 24 events can be explained in this way! A more 

exact calculation which makes no assumption about the ep events uses 

%h 

Nkh+N' +G 

,true = Ph --) h (P (3.3) 
h+h + "'?;, me + 2 P 

h+u I 

N ep background from hh = 2P h-.u P h-e Nhh,true 

This leads to the backgrounds listed in Table TV. For both samples the 

en signsl is considerably above the total background calculation. 

B. Internal Determination 

An important question is whether the +x-more prong events are 

representative of the 2-prong events in Table II. For example, perhaps 

the K/n ratio is h&her in the 2-prong events, or perhaps there is more 

contamination from the accidental coincidence of a 7 and a s in the same 

shower counter. We have a nu&er of points to make with respect to 

this question. 

(1) We can calculate N e~,beckground using just Column1 events in'Tabl.e 

II. Assuming all eh and @h events (after correcting for Pa oh 

al&P 
u+u 

as in Table IV) are misidentified hh events, we use 

5 _ N:h 'H 'h 
a~ background frcen hh 

2%h 
(3.4) 

to obtain the % q.t bas@round from hh in Table IV. This cnl- 

culation argues against the possibility that the hadronic events 

in column 1 of Table II are vastly different in character from 

those in the other columns of Table II or from those in the 3-o=- 

more prong events. 

(2) The eu background calculations of Sec. 3 fit within statistics 

to the number of ep events in columns 2 or 3 of Table II. 

(3) our p values cannot be too low. If P 
= +u 

were large N 
= -'P =u 

would not decrease while Nee increases as we go from column 1 

to column 2. 

(4) The charge distributions of the ek events are randomly distributed. 

(5) The isolation of the signature ep events depends upon the use of 

the number of detected photons. It might be argued that the number 

of photons associated with an event is randomly distributed; and 

that the large number of eu events with 0 photons is just a fluctu- 

ation. Table V presents an argument against this for the 4.8 GeV 

data. If the number of photons is randomly distributed we expect 

L26&2l= 9.7 + 2.2 

ep events with 0 photons, not 24: 

TABLEV 

Number of photons 0 31 Oor>l 

=u 24 16 40 

eh + nh + hh 46 143 189 
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C. guality of el.r Events 

Another way to examine the eil events is to inquire as to whether 

the e's and p's display all the characteristics expected of such par- 

ticles. The e's in the eu events are selected solely on the basis of 

large shower counter pulse height. However, they show three additional 

characteristics of real electrons. 

(1) About 85% of the e's are moving toward muon detection chambers, yet 

none of them show a signal in these chambers. Hence the e's are 

not caused by p misidentification. 

(2) The longitudinal position of an e in a shower counter can be de- 

termined by the projection of the particle track, or by the relative 

pulse heights in the photomultiplier tubes at each end of the shower 

counter. These two determinations agree within measurement errors. 

Hence, except possibly for a few events, the e's are not s + Y, 

K + y, or u + 7 combinations in a single shower counter. 

(3) The shower pulse height distribution of the e's in the ep events 

is that of real electrons. 

We do not have any tests of the u quality in the ep events which are 

completely independent of their selection method. However, their shower 

counter pulse height distribution, and their multiple scattering distri- 

butions in passing through the absorbing material are those expected Of 

muons. 

D. Ba ck~-round Suwaar 

In the energy range 3.8 5 Ecm - ( 7.8 GeV we have found 

86 eu events 

The background calculation of Sec. 3A predicts 

22 + 5 background events , 

and the calculation of Sec. 3B1 predicts 

30 % 6 background events . 

in that sample. 

4. EVIDENCE USING IMPROVED MUON DETECTION 

In January 1975 an improved muon-pion separation system 15 , called 

the "muon tower", was placed on top of the magnetic detector, Fig. 2. 

While theprimary purpose of this tower was to search for events of the 

form15 

e++e-+p+anything ; (4.1) 

the tower WBS also used to study the ~I.I events. Since the tower only 

subtends about 15% of the solid angle subtended by the entire detector 

most ea events do not have their p's headed toward the tower. Never- 

theless the following evidence for ea events was found. 15 

A muon must have a momentum greater than 0.85 GeV/c to reach the 

spark chambers between the two muon absorbers (called level 2), and 

greater than 1.2 GeV/c to reach the topmost spark chambers (called level 

3). We then define a muon to be a particle whose track reaches at least 

to level 2. Ph +a, the probability of a hadron appearing to be a muon 

because of "punch-through" or decay, is now 0.07, rather than about 0.20 

as in Sec. 3. Muons so selected we identify by of. 

We select all 2-prong events fitting the following criteria. Criterie 

a, b, and c are the same used to select column 1 events in Teble II 

(e) Exactly 2 charged tracks with total charge Zero visible in the 

detector. 

(b) No photons detected. 
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(d) One particle headed toward the muon tower with enough momentum 

to reach level 2. 

(e) The other particle has a momentum of at least 0.65 &V/c as 

in Sec. 3. 

(f) The square of the missing mass recoiling against the two par- 

ticles must be greater than l.5 (G~V/C)~. We use this criterion 

to eliminate ppr events and simplify the analysis. During part 

of the data-taking there were no muon detection chambers dia- 

metrically opposite-tha touer. 

Using these criteria we found. 15 

10 ee events 

5 % events 

10 pk events 
(4.1) 

'j2 events with other particle combinations 

The major source of background 4 is the 32 events, assuming they are all 

hh (hadron-hadron) pairs. Taking even the 5 eE events as hh pairs we 

calculate 

N eE background = 'h + e 
P h 'p (37) 

= (.20)(.07)(37) = 0.52 

Hence only 0.52 of the 5 et events can be explained by conventional means. 

Fig. 2 Lvproved muon-pion separation system on magnetic detector. 
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5. GENXALPROPERTIES AND OSSEKVED CROSS SECTIONS 

I have already implied by Eq. 1.1 that the ep events consists of 

e + g + > 2 undetected particles. Letting pet P ii 
, pi be respectively 

the four-momentum of the e, and p and of the entire initial state; we 

define the invariant mass squared 

Mf=( Pe+PJ2 ; (5.1) 

and the missing mass squared 

g= (P,- (Pe+PKN2 . (5.2) 

The distributions in $ and $ are shown in Fig. 3 for the Ecm = 4.8 GeV 

data; the c of 4 is roughly 0.6 Cc'?. This distribution means that in 

the reaction 
+ + - 

e + e- + e- + p+ + missing energy (5.3) 

at least two particles are not detected. Data at all other energies shows - 

the same phenomena, with the upper limit of the 9 distribution increasing 

as E increases. 

Figure 4 shows the observed cross section in the detector acceptance 

for signature eu events versus center-of-mass energy with the bacbround 

subtracted at each energy as described in Sec. 3. There are a total of 

85 ep events summed over all energies, with a calculated background of 22 

events or 30 events as discussed in Sec. 3. The corrections to obtain 

the true CRTS section for the angle and momcnt&T cuts UsEd here depend on 

the hypothesis as to the origin of these fp events and the corrected Cross 

;cc',isn '231: be mai2.y time? larger th3r the cb??rv?d crozc section. While 

Fig. 4 shows an apparent threshold at around 4 GeV, the statistics are 

3~x11 and the ccrrection factors are larges': for lcw ~5. This is dis- 

cussed further in Sec. 8. 

N 
s 
s 
v +5 

lu.- 
z 

hl; ( GeV2) 

Fig. 3 Distribution of 4 versus 9 for the Ecm = 4.8 GeV 

signature ep events. 
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Also I will not discuss here semi-leptonc decays of a meson, baryon, 

or boson.) All spin-spin correlations are ignored. 

Using the hypotheses in Eqs. 6.3 and 6.4 and the ecoll distributions 

we can determine a rough upper limit on the U mass (MU). The simple rule 

is that at fixed Ecm, as MU increases the probability of obtaining large 

e coll values increases. Table VI shows some examples (These numbers are 

calculated for the 0.65 GeV/c momentum cuts on the e and p). 

TABLE VI 

Comparison of the number of ecou > 90' ev events (penultimate row) with 

various U mssses and U decay hypotheses. (Note that the last row gives 

the total number of ep events for use in statistical tests.) 

I Number ew events with ecoll > 90' 
I I 

I 
t 

2.2 12.2 10.1 

Data ep events 5 0 1 
with ecoll > 90' 

ata total number 
f ep events 

16 24 49 

I 

We see that masses much greater than 2.0 GeV/c' cannot fit the ecoll 

distribution, using the hypothesis of Eqs. 6.3 01 6.4. We could go to 

higher masses in the 3-body decay case if we use V + A or set the mass 

of the VU to be non-zero. In this paper I shall show fits to the data 

using I$ = 1.9 GeV/c f or the 2-body decay and MU = 1.8 GeVfc2 for the 

j-body decay. These masses are examples which seem to fit the angle and 

momentum distributions. But masses in the range of 1.6 to 2.0 GeV/c' are 

acceptable, and with special assumptions one might go up to 2.2 GeV/c'. 

Returning to Fig. 6, particularly in the 4.8 GeV data the Z-body 

hypothesis has difficulty in explaining the small number of large Qcou 

events. Reduction of MU can cure this, but then problems arise, Sec. 7, 

with the momentum distribution of the e and p. An alternative cure 

requires strong spin-spin correlation between the mesons. 2 A 3-body 

decay mode obviously fits the cos ecoll distributions in a more natural 

manner. However -) a mixture of two mechanisms -- one U pair with a 

j-body decay mode and the other U pair with a 2-body decay mode -- will 

obviously fit the data. 

Returning to background questions, Fig. 7 shows the cos ecou dis- 

tributions for 2-prong, zero photon, hadron-hadron events -- the events 

which when misidentified as ep's are the major contamination. We note 

that the cos Scoll distribution is peaked at small ecou as in the eLI 

events. Hence the background in the ep events cannot be separated out 

by using Bcoll. However we note that as Ecm increases the cos ecoll 

distribution for the el.r events becomes increasingly peaked forward 

while the distribution for the hadron-hadron events remains roughly 

the same. 
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3.8 5 & < 4.8 GeV 

& = 4.8 GeV 

- 

I 

4.8 -b,&2 7.8 GeV 

Fig. 7 ox @co11 distribution for P-prong, zero photon, hadron-hadron 

events. 

7. MOKB'PUM DIS!?RISUTIONS 

Figures 8 and 9 show the momentum distributions of the e and II in 

the el.r events. In Fig. 9 the kinematic limits on pe and p for various 
P 

% are given. (The p mass is set to zero.) This limit is the same for 

the Z-body and T-body decay modes providing the neutral particle masses 

are all zero -- and this is indeed what is assumed. We note that unless 

we are willing to attribute some data points to background, % 

must be of the order of 2 GeV/c2 or less. To combine the data from 

different Ecm runs we show in Figs. 10 and llthe distributions in 

P=* , p in GeV/c ; (7.1) 
max . 

where pmax is calculated for i$ = 1.8 GeV (the use of i$, = 1.9 makes very 

little difference) and p is i_p,[ or I&[. Each event thus appears twice. 

Figures 10 and 11 are corrected for background. 

The solid and dotted curves in Figs. 10 and llare the predicted 

distributions for the y-body and g-body decay modes of the U respectively 

(Eqs. 6.4 and 6.3). All spin-spin correlations sre ignored in these 

calculations. The bump at the high p end of the dotted curves occurs 

because of the events at Ecm = 3.8 GeV -- the threshold for MC = 1.9 

particles. Incidently if we distort the predicted 2-body decay mode ecou 

distribution to fit the ocoll distribution data, we obtain the dashed 

curves in Figs. 10 and 11. Thus we see that the 2-body decay mode usually 

predicts too many large o, that is large p, points. Only st 4.8 Gev are 

the Z-body and j-body hypotheses equally applicable. 

8. DISCUSSION AND CONCLUSIONS 

Cur studies of the reaction 
+ + - 

e + e- 4 e- + )I+ + )2 undetected particles (8.3.) 

. 
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- 3-body decoy of U 

0 0.5 1.0 

P 211111 

Fig. 10 The distribution in p = (p - o.65)/(pmax - 0.65)(p in Gev/,C) 
for all 6. The solid and dotted curves are defined in the 
caption to Fig. 6. The dashed curve is the same as the dotted 

curve except that the t',,ll distribution has been distorted to 

fit the data in Fig. 6. 

- 3 body decay of U 

,.I 1 Z-body decay of U 

3.8 6 Js < 4.8 GeV 

,A = 4.8 GeV _ 

El5 z 2 4.8~fis7.8 GeV 

15 

Fig. ll The distribution in p for three interValS in &. See caption 
to Figs. 6 and 10 for meaning of curves. 
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we not complete by any means. However we can draw some conclusions. 

11) We believe that anomalous e@ events described by Eq. 8.1. exist 

because we have not yet found any conventional explanation for all 

such events. Only 20 to 35% of them can be explained by various 

background mechanisms. 

(2) The data are consistent with the hypothesis of the production 

of pairs of new particles of one or more types Ul, U2 . . . 

e+ + e- + Ui + U- 1 

e+ + e- + u; + u; (8.2) 

provided at least one of these types has y-body decay modes. 

(3) The data is not consistent with all the events coming from 2-body 

leptonic decays of the U's. 

(4) We know of nothing which is inconsistent with the hypothesis that all 

the events come from the 3-body decay of a U particle. In particular 

the T-body decay could be the purely leptonic decay of a sequential 

heavy lepton. 

(5) !Che observed production cross section does not determine the nature 

of the U. In Fig. 12 o ep,observed is fitted with three different 

hypotheses: 

(a) 'Ihe U is a sequential heavy lepton & of mass 1.8 GeV/c2 with 

V-A coupling and a massless neutrino. The production cross 

section is given by Eq. l.c. 

10 

Fig. 12 Fits to 0 ep, observed' The solid curves are for the pro- 

duction of a pair of 1.8 GeV/c* mass leptons (U) assuming 

purely leptonic decay with V+A or V-A for the U - TU current 
as indicated. The dashed curve is for the production of a 

pair of 1.9 GeV/c2 mass bosons (U) assuming 2-body, purely 

leptonic decay modes, a production form factor F = constant/s, 

and a production cross section given by Eq. 8.5. All neutrinos 
are msssless. 
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in multiprong data. Hcwwer we have not yet ruled out conrpletely 

the decay modes in Eqs. 8.9. Quest' l0n.s about these and other semi- 

1Yptmic decay possibilities are still being studied. 

(2) We do not yet know if a sequential heavy lepton is completely con- 

sistent with all the data. In particular if we do not find hadronic 

decay diodes, the U Cannot be a sequential heavy lepton. This is be- 

CCILLS~ t?ze observed leptonic decay modes are not sufficiently 1uge to 

yield the expected production cross section, Eq. 6.6. 

(3) b!e do not know if there is any other single hypothesis consistent 

vi+\ the am. __L , 

(4) Finally we do not know if more than one thing is going on. That is, 

are there several rechanisrris producing ep events -- both new mesons 

and nek' leptorzz or several sets of new mesons, for exqle? 
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CONSTITUEXT MGDEU AND LUGE TRANSVERSE MOMENTUM REACTIONS* 

Stanley J. Brodsky 
Stanford Linear Accelerator Center 

Stanford, California 94305 

1. Introduction 

If we assume the correctness of the quark model for the under- 

lying structure of hadrons, then a crucial problem of particle physics is 
- 

hm to develop tools which can,pro>e the hadronic interactions of the con- , 

stituents at a fundamental level. Most, of ha&conic phenomenology 

gives valuable but only indirect information on quark interactions. 

For example: 

1. The spectroscopy of hadrons yields important constraints on the 

large distance confinement potential--thecomplete $ specfnzm 

should turn out to be as important to quark dynamics as positronium 

is to QED. 

2. High energy hadron-hadron interactions are consistent with the 

quantum number flow (i.e., duality graphs) dictated by the quark 

model, but the typical interactions at small t or u involve 

coherent multi-particle amplitudes andaredifficult to am&se 

directly in terms of constituent interactions. Because of the 

Feynmm dx/x spectrum the interactiog particles usua.Uy only have 

a small fraction of the incident energy [8 
eff 

2 x,x+," - O(m2)], 

and most energy is lost in beam fragmentation. 

*Work supported by U.S. Energy Research and Ikvelopwnt Administratiw. 

353 



5 Deep inelastic lepton processes determine the electromagnetic 

and weak interactions o? the constituents, and together with the 

elastic form factors provide important constraints on the nature 

of the hadronic wave function at large moaaentum transfer. In 

particular, Bjorken scaling implies that a non-zero fraction of a 

nucleon's momentum can becarriedby a single point-like constituent. 

4. Accordingly, in the case of high energy hadron-hadron collisions, 

particles can be produced at large transverse momentum pT =Jtu/s , 

by a single, hard, large angle reaction involving the point-like 

constituents. Note that the interacting particles must have 

s eff =X a%" > 4p;. Thus if the impulse approximation is 

applicable--as is the case for super-renormalizable and asymptotic 

freedom field theories--then large pT reactions, both exclusive 

and inclusive, can provide direct clues to the short distance struc- 

ture of the constituents' dynamics. 

In fact the emerging features of high p T data: sets, fixed 

angle scaling, power behavior, etc., give strong support to the 

hard SCEdteFiW models. Excellent discussion of these features 

may be found in the lectures of Bjorken'and Davi&in these 

proceedings. A general review of the data and an overview of various 

theoretical models msy be fo*und in the Physics Report by Sivers, 

Blankenbecler and myself. 3 

In this lecture I will make the simplifying assumptions that 

(1) large pT reactions can be analyzed in terms of short distance 

interactions-- independent of the large distance confinement problem, 

and (2) that the basic quark-quark interactions within a hadron is 

scale-independent (module logarithms) as in asymptotic freedom gauge 

theories. A dynamical realization of these assumptions is the con- 

stituent interchange model 4 (CIM) together with the dimensional counting 

rules.5y6 The CPI is a dynamical realization of the duality diagrams 

and thus is consistent with the usual Regge phenomenology of hadronic 

interactions. I will review the structure of the CIM, proofs of the 

counting rules, and recent phenomenological applications, including 

electromagnetic processes, correlations, and nuclear target effects. 

A new argument,"minimal neutralization': is also presented to account 

for the empirical absence of gluon interactions between quarks of 

different hadrons. 
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2. The Structure of Hard Scattering Models7 

The basic assumption of the parton description of large trans- 

verse momentum resctions is that the required large momentum transfer 

occws only once--in an underlying two-body reaction a + b + c f d. 

The remainder of the process involves (Fey.nmar,-scaling) fra@nentation 

of the in- and outgoing particles with small mean transverse momentum. 

This assumption can be justified if the Born interaction cross section 

falls with energy, as in multiperipheral models (based on super-renormal- 

izable field theories) and the CIM. We thus have (see Fig. 1) for 

pf >> I%!,'1 the simple probabilistic forxu.l.a 4,8 

'a/AtXc) 'b/B'%) 'C/c%) 

2 
with pT = 4s > F =A2/s = 1 + u/s + t/s -3 1 - x T at 9o". The process 

a+b+c+d is irreducible in that no hadronic bremsstrahlung is 

allowed before interaction. The variable x is the light-cone variable 

P 
(+) 

x a 
=+' 

P0 L PZ 
a 

PA P; + Pi 
(2.2) 

(where ?4 is along d, i.e., the infinite momentum fraction in a frame 

where /$A1 +m. The distribution Ga A , Ga) is the probability CWa/A(xa) 

to find the (spncelike) daughter a With fraction ~a; the usual 

B - 
2592Al 

Figure 1. Structure of the hard-scattering models for the inclusive 

reaction A + B +C + X at large transverse momentum. 

The process a + b --tc + d is the irreducible large angle 

subprocess. 
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quark-parton model result for ep + eX is 

vW2(x) = c Q; x G (x) 
i q/P (2.3) 

x = -t/GK2-q. 

'I& distribution GC/c(xC) is the final state fragmentation probability 

dNC,c'xC) to produce C from the (timelike) state c. A great number 

of formal properties can be derived for the G Functions, using con- 

servation laws and crossing properties: 

d.xa x Ga,A(x) = 1 momentum 
conservation 

J- 
1 conserwed 

c dxa Qa G,,,(X) = Q quantum 
SEA 0 number 

(2.4) 

Ga/B = / $ bL Gt,b (;) Gb&) convolution 

x 

G 
a/A - 

= + zzl,; ($1 crossing 

(where the + sign occurs if a + A is a fermion). An extensive discussion 

and review is given inRef. ; In general there is a connection between 

the behavior of G(x) at x + 0 and the Regge behavior of total cross 

sections: If c w p-1 then CJ 
b 

a,,(x) * w-o (x + 0). Inserting this 

into (2.1), we see that Pomeron exchange, CI = 1, gives Feynman scaling 

for the inclusive cross section (s-independence at fixed pi). 

Since the G's are independent of scale, the scaling of the 

irreducible process at fixed angle, 

(2.5) 

implies 

* (A + B -+ C + p) ==> c 1 ____ 
d3dE abed r I+ f(em&/s) (2.6) 

ipp abed 

at fixed @cm and&?/s. For example, N is equal to 2 for the scale- 

invariant q + q+ q + q subprocess. The experimental situation (see 

section 6), however, shows that for the presectly accessible energies 

no single N can accommodate all the data, e.g., for pp + Trx at 900, 

one finds N - 4 at the ISR yq I 0.1 < x, < 0.35) and N - 6 at OVAL" 

(0.3 < xr < 0.6). Clearly, if the quark-pax-ton model description is 

relevant, a number of terms of varying N must be involved, involving 

various distinguishable processes which are not scale invariant. 

Fortunately, simple quark counting rules can be used to sort out the 

rqyriad possibilities. 

A unique feature of the dimensional counting rules is that the 

dynamical behavior of hadronic reactions--the power dependence of 

scaling laws and threshold dependence--can be directly related to the 

degree of complexity of 'he interacting particles 
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The basic rule is as follows: First one counts the number of 

"active" elementary fields (quark, lepton, photon) participating in 

the large pT irreducible subprocesses (see Fig. 1) 

n active = na + +n +n % c d (3.1) 

ar.d the number of spectators or passive fields in A, B, and C: 

n spectator 
= n(a) + n(6B) + n(?c) (3.2) 

Then following the guide of Born graphs in renormalizable field theory, 

one finds the contribution 

do 1 
-i--+ 
d'p/E ip; + m2JR 

f(S c,,,:j i3.31 

2 ? e fcr pl.'ab m , cm and F &/s fixed. Furthermore, fi@cm,~)+f(9cm),:F 

for r + 0 where 5 

N = nactive - 2 (3.4) 

and 4 

F = 2% spectator -1 (3.5) 

The latter rule is equivalent to G, A , (x) - (l-x)2n(ti)-1 * z*,a(x) 

for x +l. 

It is physically clear that N should increase as the number 

of fields forced to change direction increases, and that F (the 

degree of "forbiddenness"! should increase as increasing nunber of 

spectators take away the available phase-space. The reader can readily 

check that the usual parton model prediction for deep inelastic 

processes are included as special cases here; e.g., for ep -P eX, 

n active = 4(eq+eq ) and n spectator = 2 giving VW,(x) - (l-xl3 at 

x -9 1. For scattering on antiquarks in the proton, n I2 
passive = 4, and 

4 W2(9) (x) - (M7. (Note that we also predict scale-breaking terms 

from the subprocess e(qq) + e(qq) (n = 6) yielding a term VW2 w 

(l-d/($ + m0j2. Such a term may be useful in parametrizing scale- 

breaking near x - 1, instead of forms which use the variable 

'u, = (Zmv + MS)/Q2, and do not retain the kinematic bcundary at x = 1.) 

For the Drell-Yan process pp + c~*n-X, one has ds/d'p/E(pp + u+X) * 

p;421f("cm) , and thus dojd2fS(pp -3 llicLli-x) -&(l -A(?/sP. The xL 

and PT distribution of the pair are also easily predicted. A caaplete 

discussion of the counting rules for the general pair production pro- 

CeSS A+B+C+D+X is given in Ref. 13. Additional applications 

to e+e- colliding beam final states will be given in Ref. 14. 

(l! There are two complications which should be kept in mind 

when using the spectator rule: 

The derivation of the rule ET. (3.5) assumes that the 

spectators are all bound with hadrons in order that the integration 

ever transverse momentum of the spectator converges. In the case of 

point-like electromagnetic couplings such as a-, ey the corresponding 

transverse momentum integration is logarithmically divergent, and the 

G 
dA 

distributions acquire the usual logarithmic factors of the 

equivalent-photon/lepton (W&sacker-Williams) distributions. The 

spectator rule then becomes 7 

F _ 2nbomd + nlePtons _ 1 
SpeC spec (3.6) 

where n leptons 
spec only counts the number of unbounded spectator leptons, 
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but not photons. With this extension, the counting rules can be applied 

to all the tree-graph QGD processes, as well as bound state (QED or 

hadronic) reactions. The results agree with the eqtivalent photon/lepton 

an.dyses of Refs. 15 and 16. A simple example is 

4 
Ez (ee +;X)-Tlog2-$ c1 

d3P 
(3.7) 

'T me 

leptons 
where nactivr = 4, nspc = 2 for any of the contributing subpro- 

+ - 
cesscs: r + r + CI P , 7-e +re, w + ev. If the incident particles 

are both positronium atoms, the E power is increased by 4 to e5 

since nbound spectators = 2. Note that extra photon spectators do not change 

the E dependence because of their infrared dk/k coupling. The same 

result cleuly also holds for the soft vector gluons radiated by quark 

lines. 

(2) The rule (3.6) is formally inconsistent with the sign of 

the crossing relation in (2.4) if the spectator system has the quantum 

numbers of a fermion. Indeed in Bethe-Salpeter calculations of the 

bound state of two fenuions, one finds l7 Gs/= _ VW: - (1-z~)~ instead 

of (Lx), with an extra cancellation at x -1 forced by helicity 

and spin conservation." However, the non-leading term VW;- (l-x)'(k:)/Q2 

Though non-leading at large Q*, has the effect of a (l-x) 1 term at 

J8/Qz + 0. For convenience, then, we shall retain the rule (3.6) in 

phenomenological comparisons, although formally the spin complications 

‘and rearrangement of terms at E + 0 should be kept in mind. In my 

event, the exclusive-inclusive connection (see Section 6) is satisfied. 

A nore detailed discussion will be given elsewhere. 14 

4. Dimensional Counting and Exclusive Processes 

In the case of exclusive processes, the number of spectators 

is zero and dimensional counting implies 5,6 

~(A+B-+c+D)+ 1 
snA+nB+"C+nD -2 fA+B+C+D(8c,) (4.1) 

for the general two-body reaction. Applied toelectron scattering, 

this gives 

FH(t) -' 
-H 

' t ++m (4.2) 

for the spin-averaged form factor of a bound state of s fields. 

Alternatively, using quark counting for any exclusive reaction 

A+B-tC+D+*-.Z,wecanwrite5 

Aa --t s 
-l-NM-2NB 

9 6-m (4.3) 

for the cross section integrated over any fixed angle region with each 

pi*pj/s (i & j = A, B, .,, , Z) finite. (This last relation is 

particularly interesting for e+e- annihilation, e.g., e+e- + N(T) 

above the resonance contributions.) NM and NB are the number of 

mesons and baryons respectively in the initial and final states. 

The tests of dimensional counting for two body reactions are 

reviewed extensively in Davier's lectures in this proceeding.?snd in 

Refs. 3,19. Thus far there is no clear contradiction with the predictions, 

although higher energy tests are definitely needed. It may be possible 

to increase the range of the tests in experiments covering large CM 

solid angle or using nuclear targets (see Section 16). 



A very recent test of fixed angle behavior is the measurement the present range oftwo body scattering data, 2425 although such forms 

Of "y"(q2) + p + T + p by Hansen et al. at Cornell.2o They find 

dcY/dtcs-7'5)0'4 at (Ebb < I2 Gev), @ Y 
cm = YOO, for 19'1 up to 

-2 Gev2, in agreement with the fixed angle photoproduction measurement 

do/dt(yp + rrp) c s-7e3+o*4 by 3. Anderson et al. at EIALZ.~~ Note 

that the dimensional counting prediction is s -7 for asymptotic 6, 

e cm fixed, with \q21 << /'cl. When q2 - O(t), one may compare directly 

-5 with Eq. (4.3) nU(ep + e7lp) W S . 

An important question is what momentum transfer is sufficient 

have not been successfully extended to fit inclusive data. 26 

An important feature of the large angle data which is not 

accounted for by the scaling laws are the presence (even at large t) 

24 

to make a fair comparison with the scaling laws without including mass 

corrections, etc. In the case of the elastic form factor of the proton 

(see Fig. 2), one sees that for 5 > -t> 25 Gev2, t2GM is consistent 

with a constant within 5%. Tne scaling d'J/dt(pp + pp) _ s -lOf (em) 

is reasonably good for ItI > 4 Gev*. In the case of non-exotic 

charm2sj e.g., Ir+p -t lr+p, pg + PE; the scaling onset is expected to 

be at larger t, although extrapolation of the pLab = 10 Gev/c T'p 

.+ -rr‘p large angle data to 5 Gev/c, using the s -6 law does a good job 

of averaging out the resonance structure at the lower energies. 22 
This 

of oscillations and fixed-t dips, as emphasized by Hendry and 

Schrem&! and Shremp.25 This structure is particularly striking in the 

plot of lo s dU/dt (pp -+ pp) shown in Fig. 3. Such structure demands 

that a fixed distance scale influences large angle hadron scattering, 

and of course, is natural in geometrical models. In the context of the 

parton model one can think of at least two interesting possible explana- 

tions: (1) The fixed t structure is induced by the absorption or 

peripheral interactions of the soft parton structure of the hadrons. 

(2) The confinement of the quarks within a fixed distance (as in bag 

models) induces an oscillatory structure in the quark propagator, which 

in turn modifies the parton model amplitudes. Nuclear targets and 

phase measurements can be used to discriminate these possibilities. 

The latter possibility will be discussed in more detail elsewhere. 

illustrates a type of duality, where the fixed angle scaling law fits 

--on the average--the s-channel resonant contributions. The form of 

the fixed angle scaling function f(acm! is well-described by the CIM 

model (see Section 15), but not by gluon exchange. The crossing 'jehavior 

relating pp + pp to pi + DC, K-p --t K-p to K+p + K'p, etc. predicted 

by the power law CIM forms are also reasonably consistent with experi- 

menta2j It should be noted, however, that phenomenological forms 

(based on geometrical arguments and a fixed distance scale) of the 

type .ebapT, where a varies with ecm can also be used to parametrize 

5. The Deuteron Form Factor 

In principle tine dimensional counting prediction should hold 

even for nuclear states in the asymptotic short distance region where 

constituent interactions are dominant. The prediction for asymptotic 

behavior of spin-averaged deuteron form factor is (n = 6J5 

where 

FD(t) * t-5 , t -+ -co (5.1) 
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0.6 

0.5 

0.2 

0. I 
falloff too slowly caspared to the data; the dimensional counting rules 

and the partition diagram of Fig. 4 provide .s consistent calculation 

0 of the effective exchange current contributions. The counting de6 

0 5 IO I5 20 25 30 35 also predict 

Q2 (GeV2) 
Gpid(y) - (1 - yJ5 (nspect = 3) for the fall-off the 

,..s,., fermi momentum for y - 1, the region where the proton carries nearly 

all of the deuteron momentum. This can be tested in eD -reX and in 

Figure 2. A plot of Q4Gm /exp versus Q2. The dashed line is the Dp -ipX in the deuteron frag!nentation region. 

usual dipole fit. The solid line is fit given by 

w. Atwood vL;th 4%~ + const. From W. Atwood, SLAG-la5 

!lTS.. 

I I I I I I 

67 
0 

? 

: 
< 

x 4” SLAC Data 

0 Previous SLAC Data 
l This Experiment 

(50” and 60”data) 

as 4?ro2 
zT=- t2 

[FgW + o(i) . ..I (5.2) 

Furthermore since each nucleon must change directions from a&roximately 

p/2 to (p + q)/z we predict27 

(5.3) 

where rn2 o is a scale set by an off-shell quark propagator. A typical 

"partition" diagram (see Sec. 12) is shown in Fig. 4. Note that this 

diagram allows for quark rearrangement between the nucleon6 in the 

short distance regi.me,and the gluon exchange only needs to occur within 

the confines of the nucleon wavefunction. 

The deuteron form factor has been measured at -t up to 6 &v2 

by Arnold et al. using a double spectator system at SIAC. A fit to 

the asymptotic behavior t -N 629 gives N = 5 + 0. . Figure 5 shows that 

the ratio FD(t)/[$,(t) (1 - t/m:)-'] with mo = 300 Mev indeed 

flattens to a constant value as predicted--but at a surprisingly low 

value. In contrast, calculations of meson exchange contributions 
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6. Aalications to Inclusive Reactions" 

If we use the dimensional counting rules, then the quark model 

predicts a sum of terms 

E*(A+B+C+X)= c 
C abed 

d3p ab+cd 2 Nabcd 
f 

CP’T + m ) 
abcd(@m,~) (6.1) 

where N = nactive - 2 can be 2, 4, 6, etc. Possible reasons why a' 
-4 

PT scale-invariant term (N = 2) from q + q + q + q is not 

observed in the present data range of the FNAL and ISR are discussed 

ih Section 14. In the CIM, the importaut subprocesses of a hadrohic 

reaction are postulated to invariably Involve at least one hadronic 

wavefunction--as would be natural in a bag model. The subprocesses 

with the minimum fall-off have six active quarks corresponding to 

q+M+q+M and qq-'B+q and their crossing invariants. Thus 

for any hadronic process, the CIM predicts p$E do/d3p + f(Scm,c) at 

large pT. Indeed, an excellent fit to the CCR-ISR data9for pp +B % 

can be obtained frcnn Eq. (6.1) with Glr/p - (1 - x)~, Gdp - (1 - x)~ 

giving E do/d3p- (p; + 5,-4 cy for the subprocess q77+ qrr 

with n spectators = 5. The same predictions hold for pp + (?r:, K+) + X, 

but for K- production, an extra two spectators are required. Thus 

we predict at large pT, and small E 22/s 

-t (GeV2) 11*,*1 

Figure 5. Ratio of Arnold et al. data to the dimensional counting da(pp +K-X) = e4f(ecm) (6.2) 
prediction. dohp + K+X) 

These results can be directly compared with the recent British-Scandi- 

navian resultB’atthe ISR (see Table I). Some caution is needed here 

since E (xl-% at 9') is 2 0.75, and thus is too large to ade- 

quately test the F power, which is defined for E -+O. Nevel-theless, 



TABLE 11' 

Fits to the Function A(1 - pT/pbe,)F/(pg + rn2)N 

Particle A m F N X2 NDF 

lT+ 

T- 

K+ 

K- 

P 

i 

7: 

lr- 

K' 

K- 

P 

P 

P 

i 

6.0 i 0.7 0.86 2 0.02 11.0 + 0.7 3.85 + 0.06 

7.420.7 0.89+0.02 11.9+0.7 3.89~0.07 

9.9 + 2.3 1.30 + 0.04 9.0 + 1.0 4.36 + 0.15 

10.4 + 4.2 1.33 + 0.08 12.2 + 1.1 4.38 + 0.18 

52 + 14 1.35 2 0.05 7.3 + 0.9 5.19 _ + 0.17 

9.0 + 2.6 1.08 + 0.05 14.0 + 1.4 4.55 LO.15 

Fits with N fixed 

8.1: 0.5 0.93 + 0.01 9.7 + 0.4 4.0 537/199 

8.2 + 0.6 0.~ + 0.01 11.0 0.4 + 4.0 606/200 

4.8 0.6 + 1.17 + 0.03 10.4 ~0.7 4.0 251/108 

4.6 0.8 + 1.18 20.04 13.6 + 0.9 4.0 202/108 

5.3 LO.7 0.94 2 0.03 12.12 0.7 4.0 308/111 

380 +65 1.59 ) 0.03 5.7 0.8 + 6.0 251/U 

3.4 + 0.6 0.88 + 0.04 16.5 + 1.2 4.0 296/m 

296 + 75 1.55 LO.04 11.5 + 1.4 6.0 318/111 

532/l98 

604/l99 

245/lo7 

198/w 

233/l10 

287/110 

the results are certainly consistent with the CIM predictions. Note 

that the experimental value of the ratio (6.2) is c3z1. The parameter 

m is - O(1 Gev) which is in a comfortable range. 

We note that the British-Scandinavian results do not indicate 

presence of the contribution (p: + m ) 2 -4 c7 expected for pp +pX 

from the qq +p: subprocess. This process, like qq + qq, invokes 

double quark charge neutralization, and may be dynamically suppressed, 

as we argue in Section 14. The subprocess qM +q'M followed by the 
-8 13 fragmentation q' +p + (99) predicts pl E , which is consistent with 

the B-S data (F = 12.12 0.7), if the power N is constrained to N = 4. 

However the preferred power of the fit is N = 5.19 + 0.17, which we 

shall argue is due to the additional presence of an N = 6 term. The 

subprocesses q + (qq) +M + B and B + q +p + q give (p:+m ) E , 2 -6 5 

7 E , respectively. The value of the B-S fit with N = 6 in fact gives 

F = 5.7 + 0.8. A list of the predictions for the various CLM subpro- 

cesses is given in Table II. Note that the process p + q +p + q 

with n passive = 2, F = 3, where the incident proton interacts directly, 

has its main contributions in the far forward/backward direction 

xL* + 1 since the full beam energy is involved. Some bremsstrahlung 

from both A and B is needed to yield a central region contribution. 

In this case this increases n spectator to4, F=7. Thus the most 

important subprocesses in the CIM scheme for the ISR data range seem 

to be (a) q + M --t q + M and (b) q + (qq) +M + B. Note that for 

5 production these give (P: + m 
2 -4p5 

) and (P:+m) 2 -6c11 , respec- 

tively, tiich again are consistent with the B-S fits. Smaller contri- 

butions would also be expected to occur from the other CIM subprocesses 

listed in Table II. 
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Subprocess 

N=4 q+M-tq+M 

q+;*M+i? 

q+q-tB+: 

N=6 q+ (qd +M+B 

q+B-tq+B 

MtM-+M+M 

q+;*B+E 

TABLE 113' 

CIM Subprocesses 

Fmin for (PP -t) 

is+ k,O i" K ,p K- P 

9 13 13 

11 11 17 

9 9 7 

5 9 5 

5 9 3 

11 11 17 

17 17 11 

P 

15 

17 

11 

11 

11 

17 

11 

The fact that more than one subprocess contributes in the CI'M 

with different dependence on pT and E provides a simple explanation 

of why the effective power of N can change as one turns from the ISR 

range to the FNAL data range of the Chicago Princeton Group. I1 In the 

case of pp +p~ the two subprocesses qT Aq and q + (qq) 4s + B 

gives a form4 

-&- (PP -+vX) = A 4 E’ + 
(P: + m',) 

B 2 2 c5. (6.3) 
(P; + mb) 

(Again we emphasize that this form is simplified since the actual dis- 

tributions in E only approach cF for E -rO. The errors this intro- 

duces are discussed in Ref. 30.) In the ISR regime where E > 0.65 

only the first term contributes. For the FNAL data, which spans 

0.4 < E < 0.7, the second term becomes important at small E despite 

the extra power of p14, and in fact dominates for fixed A', pT -tm. 

Good fits to the CP and BS data for pT > 2 Gev/c using the form (6.3) 

can be obtained. At smaller pT, 

is predicted to rise from the CIM 

complicated forms are required. 

One of the most sensitive 

the effective Regge behavior a(t) 

negative integer values and more 

parametrizations of the data, pro- 

viding a strong discriminant of various models, is the use of the 

effective powers 31J30 

N 2 a 
eff = -'T 2 log 

aPT 
E 9 1 (6.4) 

dp c,Pcm fixed 

F a 
eff = 'ZZ 

pT,dcm fixed 
(6.5) 
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which can be obtained as finite differences from the large PT data at 

revcral different energies. 2 -N (The fern: 'p; + "01 i F gives Feff=F 

an< N eff approaching N from below for of >> 6.1 The kinematic 

dependence of Neff and Feff map the extremely fast changing cross 

sections into a form which is easily compared with theory. We note the 

f3llowing provisio concerning the CF data: (1) The proton data is 

obtained from the A +l extrapolation of heavy nucleus data. (2) The 

measurements were made at Hem = 77', 9.3', 96' for the beam momenta 

'Lab = 5'00, 300, 400 Gev/c, rather than fixed angle. In addition, in 

any data, possible systematic errors, normalization changes between 

energies can lead to distortion in the values of Neff and Feff. 

The results for the CP!FNAL):l BS;ISP!,?' and CCR(ISRj9 data 

are sho;;nin Figures c and 7. The values of Neff and Feff for the 

BS data agree with the more recent fits provided by the experimentalists 

in Table 1. The large range in Fecf (obtained using fiifferent energy I 
;sirc) zhows that tbece values are iecc. certain than those for Neff. 

T!:e ;lat-%ing of Neff for rz at , I :I' 7 - at the ISR and N = t, 

iiiik the corresponding drop in F eff shows hew the balance toward 

terms with more active and fewer spectators occurs as one approaches 

the exclusive limit of the Peyrou plot at ,. -0. We should mention 

here that the observed kinematical dependence of PJeff and Feff and 

the differences among particle types is very difficult to explain in 

L,hern&ynamic and statistical models. Although the linear rise in 

N eff as c + 3 ac. predicted by the eikonal model jf Fried et a1?2 is 

in rough agreement with the trend of the data [although not the 

platewine;, the same w3el predicts Feff to be independent of s 

at fixed pT in contradiction to the ISR/FT&L comparison. Further 

details may be found in Ref. 7:. 

9 ISR-CCR J;; IGeV) 
9 0 23.5-30.6 

8 90” 

A 30.6-44.8 
n 

7 
44.8-52.7 

I 

20 

I8 

16 

14 

I2 

IO 

0 0.10 0.20 0.30 0.40 0 2 4 6 8 

XT=I-E P, iGeV/c) IUX 

Figure 6. The parameters Feff and Neff obtained from the pp + T'X 

ISR data of CCR collaboration. Three energy pairs are 

used as indicated, with pT > 2.5 GeV. The statistical 

erwrs are of the same size as the discrepancies from the 

different energy pairs. The prediction of the CR4 is 

N,ff = 4 for this kinematic range. 
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4 

0 L 
0 2 4 6 0 2 4 6 8 10 0 2 4 6 8 IO 

p, Kiev/c1 p, lGeV/c) p, IGeV/d 
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1.0 0.8 0.6 0.4 0.2 0 1.0 0.8 0.6 0.4 0.2 0 1.0 0.0 0.6 0.4 0.2 0 
m-7171 
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I-* l-s I-* 

L+?.Ue i. The paremeters F,ff and Neff for charged hadron pro- 

duction at ',he CWRN-ISR ES Collaboration, pp collisions 

and the FNAL CP Collaboration, pL = 200, 300, bC0 GeV 

proton-Tugsten collisions. The energy pairs for the ISR 

(connected by wavy lines) are (4s = 30.6 -44.8 GeV), and 

( Q'S = 44.8 - 52.7 GeV). The energy pairs for the FNAL 

(connected by straight lines) are (4s = 19.4 - 23.8 GeV) 

and (Js = 23.8 - 27.4 GeV). A pT dependent nuclear 

correction is assumed for the FWL data. Only pT > 2 GeV/c 

data are used. 

Althowh the CIM subprocesses with nactive = 6, 8 can reproduce the 

effective powers of the meson production data, the Nepf curves indi- 

cate the presence of pi16 ("active = 10) terms at the lover values of 

E in the CP proton data. Again this shows the increasing importance 

of terns with more active fields and fewer spectators as one approaches 

the exclusive boundary, but with the total number remaining constant. 

The smooth connection to the exclusive limit f&2 fixed) requires5'33 

N+F+l=N excl = "em1 -2 (6.6) 

where "excl is the number of fields in the corresponding exclusive 

channel A+B+C+D(M'). This is the implementation of the coyres- 

pondence rule of Bjorken and Kogut 34 (ix eneralizing Bloom-Gilm.anJ5 

duality and the Drell-YanS6 rule for electroproduction) and is obtained 

automatically from the counting rules (3.4, 2.5). An important predic- 

tion of the CIM for pp collisions is the ordering 

N excl(6) 'Nexcl(R) > Nexcl(K+>& 2 N,,,,(P) 

In fact, not only the ordering, but also the values of Nexcl from the 

XAL data are consistent with the quark-counting predictions: (See 

Table III.) 
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TABLE III 

comparison of Neff + Feff + 1 and Nexcl 

ISR(BS)l' FNAL(CP)+ 

12.5 + 1.0 13 

15.9 2 0.8 u.5 

15.8 + 0.8 12.5 

13.4 + 1.1 12.5 

16.6 + 1.3 14 

18.6 + 1.6 16 

N excl 

Pm)* 

12 

12 

I2 

14 

16 

= 10 for pp -ipX corresponds to (pq +pq) and should 

only dominate forward~ackward angles. 

t FNAL values11 (from Fig. 7 at pI * j Gev, E - 0.5 (see Ref. 30)). 

are mcertain by at least f. 1. 

7. Predictions for Meson and Photon Besms 

Some of the most crucial tests of the CIM arise in large pT 

reactions with meson beams. Since the form of the hard scattering model 

(3.3) explicitly satisfies crossing, we can relate A + B +C + X to 

E + B -tA + X by simple s ~ru substitution. Thus ?r-p +$i can be 

completely predicted (including normalization) from the CIM paremetriza- 

tion for the pp ,T;fc data, etc.; we expect da(8-p +EX)/du(pp+gX) 

-4 - E at fixed pT. (This also can be applied to 5, K+, K- beams.) 

In general a meson (or photon) beam is predicted to be more efficient 

than a proton beam in initiating high pT reactions since the quark 

carries a larger fraction of the momentum in the meson. In general we 

predict 

(7.1) 

for subprocesses q + M-t q + M, q + (qq) -rM + R, etc., since there 

is one less spectator. (We ignore T + q +T + q with no spectators 

from the pion, for XL fl.) In particular, we expect for almost any 

parton nmdel of new particle production 

(7.2) 

Note that this implies the fall-off (1 - xI,)~ for the ratio in the 

beam fragmentation region, which is consistent with what has been re- 

ported by the Northeastern experiment at FN&L.37 

The application of the counting rules are particularly interest- 

ing for photon processes since the electromagnetic coupling gives 

Gq,+d = Gq$=) - ; (1 - x)' log * (7.3) 
9 
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Thus we typically expect: f&*p -+ d,x) = c d G 
i 

I (8.1) 

du(rp -+HX):do(Mp +RX):do(pp +HX) 

012 = E :E :E (7.4) 

In addition there will be background terms where the photon acts as a 

meson beam. It is also interesting to test these predictions in cases 

where H is a wide angle lepton pair. 

The application of the CIM to up +rX and yp +sX in the 

SLAC and Cornell high pT, but very small E regime is discussed in 

detail in Refs. 37,30. In these cases subprocesses giving the smallest 

powers of E (e.g., p + q hr + (99) gives (pf + m ) 2 -5 so,1 rather 
2-2 3 than rq -tyq which gives (pi + m ) E ) are found to dominate and 

account for the data. 

8. Charge-Cubed Test: The efp d&X Asymmetry 

Rven though deep inelastic Compton scattering is severely com- 

plicated by non-scale invariant background terms at small E, this is 

not the case for the charge asymmetry measured in deep inelastic - 

bremsstrahlung & 'e&X, which is sensitive to the scaling part of 

the virtual Compton amplitude. The cross section difference which is 

odd in the lepton charge, arises because of the interference between 

the Bethe-Heitler and Compton amplitudes and determines a discontinuity 

of (P/J~(~) Jv(y) J,,(s)Ip). For the scaling region, with all invariant.6 

38 large, one has from the parton model 

where 

x = -q2/2p.q ' q=P;+P -P Y e' - 

and Q; is the cube of the parton charge. As shown in Ref. 38, the 

requirement of interference to create the & asymmetry demands that 

only one quark line be active, and none of the background terms which 

contribute to deep inelastic Compton scattering occur. An analysis lead- 

ing to the ssme conclusions based on a light expansion is given by J. 

Kiskis?' We note that the structure function V(x) = xi QTGq.lp(x) has 
3. 

special properties. Since V(x) is odd charge conjugation, the Pomeron 

and other even trajectories do not contribute and the distribution should 

exhibit a quasi-elastic peak at x -l/3, characteristic of the valence 

quarks. Further, since 1, Q{ can be related linearly to the total 

charge and baryon number of the target. V(x) obeys an exact sum rule: 

1 
l 

5/9 (quark model) 

/ 
V(x) dx = c Q; = (8.2) 

0 1 (Drell-Yan-Levy-type integer @barges) 

in the case of a proton target. 

Recently, a Santa Barbara grouplo has successfully measured 

the asymmetry in a double amu experiment at SLAC. Although the asymmetry 

in the & -+&X monitor was negligible (< O.O%), the asymmetry be- 

came as large as 20-M when the large pT photon was observed. The 

measurements ware consistent with the form of Cu predicted by the 

parton model,including the quasi-elastic peak. A preliminary analysis 

gives xi Qz = 0.88 + 0.44, with the error limited by low statistics. 

Clearly it is important that these measurements be extended. 
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There are also very interesting hadronic charge asymmetries 

which can be measured in e+e- collisions 

h(e+e- + y + d + X) 

m(e+e- -t d e+e-X) 

in annihilation and the two photon process, respectively. These also 

measure valence-dominated odd C structure functions and the parton charges 

cubed. A complete analysis of these processes is in preparation. 41 

9. Quasi-Elastic Peak in Inclusive Hadronic Reactions 30 

One of the most sensitive tests of the dynamics of the pas-ton 

model is the measurement of differences in particle production, especially 

du(pp + K+X) - da(pp + K-X), which is sensitive to the flow of the valence 

quantum numbers of the beam to the produced particle. For orientation, 

we begin by considering the trivial case when the binding of the hadrons 

A, B, C, vanishes. For equal quark masses, then G,,,(x) =6(x-na/nA), 

Gb,B(x) = 6(x-nb/oB) in Eq. (2.1) where na is the number of quarks 

in a, nA = na + n_ , etc. At PO, we have 
As 

then find Feff = 0 at xT = ;;T'. More realistically, we know that 

the small x behavior of C,,,(x) diverges at x 40 due the presence 

of infinite nwnber of partons in the Fock wave function of hadmn A. 

A convenient parametrization isJo 

G,,,(x) a (1 - d 
2ng(aA)-12na-1 - [A(~-x)~ log $1" 

X c S! (9.2) 
t-3 

where each component 

(a) obeys the spectator rule (3.5) for nG(EiA) + 26 spectators, 

(b) peeks at x = na/(ao(L) + 26), 

and where the infinite sum converges to 

Ga/A(x) 
_ (l-x)g* 

,"A 
[x -11 or x+0] (9.3) 

where pa= 2no(aiA) - 1 and CrA = h + 1 - 2na. 

Substituting (9.3) into (2.1) gives a form (xl = -u/s, 

x2 = -t/s) 

E*-(p;+m2) '-"active F 1-A lob 

d3p 
E 5 x2 (9.4) 

(This is multiplied by xc = nc/(nc + n ) if c fragments to C.) 
cc 

(9.1) 

Turning on the binding we expect 6(% - ^4) to spread out to a dis- 

tribution in xT which still remains peaked at the value Since 
F 

=ff = (1 - %)F=ff, 

-4. 

the cross section is parametrized as c we should 

times a slowly varying function of x1 and x2. (x1 = x2 = 542 at 

PO.) Thus for aA = oB = 1 (Pomeron, Feyman scaling behavior) 

F 
eff 

z F, and there is no quasi-elastic peak. Intuitively this corres- 

ponds to having nA, nB +m (unlimited number of spectators and s+ 0 

in Eq. (9.1). However, for processes sensitive to the quantum numbers 

of the beam, a < 1, and we must have a quasi-elastic peak. The data 

for the difference of p and p and 2 - f production does seem to 

show a zero in the Feff plot (see Fig. 8) at xT - 0.2 to 0.3 at FIiAL 
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and &I - 0.1 to 0.15 at the ISR (K' - f). The values are in reason- 

able agreement with the number of spectators expected in the CIM (see 

Ref. 30). In particular, roughly l/5 to l/3 of the incident beam 

momentum is found on valence partons for the FIiAL kinematic range, 

and this is reduced by perhaps a factor of 2 in the ISR range, as 

expected from the increased number of spectators in the terms that 

dominate at large E. This effective valence+nomentm fraction is 

14 
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possibly useful as a guide to the relative effectiveness of proton beam energy 

compared to e+e- beams. Much more experimental data involving pro- 

duction particle and beam target particle differences and theoretical 

York will be required to filly exploit the important information in 

the parton distribution functions. It should also be interesting to 

correlate multiplicity in the fragmentation regions with the corres- 

ponding number of predicted quark spectators. 

10. Correlations 

Thus far we have discussed tests which only prove the short 

distance structure of the parton model. Detailed predictions for multi- 

441, , , l l J plicity distributions and correlations (quantum numbers, two multiparticle 

0 I 234567 01 234567 
PT PT HIX. 

Figure 8. The extraction of Feff for the difference of the p and 

5 production cross sections and the difference of the K' 

and K- production cross sections at the ISR (BS Collabor- 

ation) and FNAL (CR Collaboration). The points eve labelled 

as in Fig. 7. A zero value for Feff indicates a quasi- 

elastic peak in the E distribution. 

momentum distributions, etc.) involve the large distance properties of 

the theory--how the quark and simple hadrouic states created in the 

irreducible subprocesses and the spectators evolve into physical 

hams. By making simplifying assumptions, many predictions can be 

made, but in most cases direct tests of the structure of the short dis- 

tance quark mechanisms are not involved. 

Bjorken' has already discussed the evidence for jet structure 

which is expected in any hard-scattering models based on two body 
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reaction. We note that in the CIM the transverse momentum distribution 

away from the jet axis is always of the form of a sum of inverse powers, 

rather than the usually assumed exponential tail. For each contributing 

CD4 subprocess one can predict where in phase space the conserved quantum 

numbers (B, 9, S) tend to distribute when a large pT particle is 

detected (making the uSw.1 assumptions on quantum retention of the 

partons). Thus where q + (qq) +M + B is the important subprocess, 

a baryonic system is expected to recoil against a meson trigger. In 

K' production, strangeness is typically balanced in the beam ii--en- 

tation region. On the other hand in K- production, strangeness should 

be balanced locally. Other examples are discussed in Refe. 30 and 42. 

Many aspects of the angular correlations expected in the CIM 

42 are discussed by Raitio and Ringland and in Ringland's 4 3 contribution 

to this conference. I will only briefly discuss one aspect of the 

correlations here. A useful formula for understanding the momentum 

balance in a large pT reaction is the purely kinematic relation 

cot 9 d (10.1) 

where the cm angles are measured with respect to the beamj Bd = 8 
c 

is "back to back." The important values of xa, xb and xc are 

controlled by the G distributions and the weight of the cross section 

do/dt'(a + b + c + d). We note that 

(a) The jet along d will be back to back with the jet along c 

(0, = e,) if (xC)/xT is small and/or ("a - xl,) is small. 

Note that on the average (xc) is smaller for pions than for 

other hadrons since the pions can be daughters or decay products. 

(b) Conversely, the divergence from back-to-back jets is increased if 

ha - x,) is peaked at a large value (as is characteristic of 

CIM processes with a # b). 

(c) For ec = '5X)', Eq. (10.1) gives a smeared double peak solution for 

sd which becomes flattened or peaks toward Bd = 50' in order to 

minimize s' . 

(d) For SC < 93', there are two peaks in gd, with the one tending 

toward the ssme direction as SC dominanting to minimize s'. 

The situation is further complicated if do/dt'(a + b -+c + d) has 

strong I-,' or u' dependence. 

Comparisons with present data are sometimes treacherous since 

one has to rely on somewhat uncertain peaking of multiplicity distribu- 

tions which are also subject to normalization uncertainties. 

The theoretical predictions for momentum balance can be most 

readily compared with data where the momenta of the particles in the 

recoil system are measured. Extensive calollations are now in progress 

which utilizethefull G a,A(x,KL) distributions to generate events in 

a Monte-Carlo program. 44 More sensitive tests will also require quantum 

numbers of the leading particles in the jet system. It is also particu- 

larly interesting to measure difference in correlations when the trigger 

is p vs. jr or K+ vs. K-, since the valence part of the distribution 

functions must be involved. 

A possible difficulty for the CIM, as embhasized by Contogouris 

and Schiffh5 are the correlations between high particles produced at 

9n" on opposite sides. If the dominant process for pp +-rrl?r2X is 

qM +q'rl, with q' -+rB + q", then there should be a cross section 

minimum at pp' = pp). This is not evident in the present data 
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for x$l) - 0.15. However, the meson produced in the CIM process 

q + M --t q+M isaminimal or "bare" meson state consisting of two hard 

quark partons. Unless it is limited by kinematics, such a state can 

continue to evolve into a physical meson state by radiating slow 

hadrons--just as a bare electron produced in the final state must 

create its electromagnetic self-field to form a physical electron. 

Thus it is probably unlikely that a detailed pion can be identified 

universely with the meson state M. A further reduction of the minimi- 

zation at pp) = pJ1' also occurs if M is a decay product of a 

heavier hadron, e.g., a P or kaon.At low XT one thus expects extra 

multiplicity and a positive correlation for a hadron to be emitted on 

the same side. (1) However, for large xT where phase space is limited, 

it is unlikely that extra spectators are produced along the trigger and 

the qM + qM subprocesses should yield a minimum at pI (2) = p* 

Note, however other contributing processes like q + q +T' + T- and 

q + (qq) -+T + B have maxima at pI 

11. The Multiplicity Bump at Large pv 

It is often stated that no sharp change is evident in data 

which unequivocally indicates the on-set of new physics at large pT. 

However, the Argo spectrometer group of E. W. Anderson et al. 
46 

at BNL 

did find that for fixedA*, the changed multiplicity measured in the 

inclusive reactions pp --f pX and pp +TTX at pl = 28.5 Gev/c shows 

a change of jnc - 1 over an interval in pT - 0.7 to 1.0 Gev/c which 

moves in with increasing A2 (see Fig. 9). It would seem to be 

difficult to explain this result in terms of extended Regge, eikonal, 

I I I I I I I I 

Figure 9. 

0.4 0.8 1.2 1.6 
p, (GeWc) 

Multiplicity bump in the Argo data. 
46 

Wright, ref. 47.1 

[From Alonso and 
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or statistical models, without introduciw new thresholds, etc. 

In a recent paper, Alonso and Wright 47 have shown that the 

Argo data can be explained simply in terms of the existence of two 

components in the inclusive cross section: 

(a) A soft component 2 exp(-6pT) with the usual Regge parameterization 

and an associated multiplicity 

ii s -2+10g"412, (Gev units) (11.1) 

(b) A hard component (consistent with the CIM) of the form of a sum of 

terms UP: + m ) 2 -' (~-xR)~ fitted to the large pT data, with 

an associated multiplicity 

'iH - 2.7 M.5pT + lo@;( 4s - JS',' (11.2) 

which agrees with the ISR multiplicities. The last term accounts for 

the spectator multiplicity. The sum of contributions agrees with the 

Argo data (see Fig. 9). Further tests involving other energies, angles, 

and other beams (meson, photon) are clearly necessary to confirm this 

hard-scattering model explanation. A related discussion, based on the 

hadronic bremsstrshlung picture of Ref. 48 has also recently been given 

by Gutsy et aL4' 

l2. The Partition Method for Bound State Calculations 

There are many methods available for obtaining the covariant 

amplitude for processes involving the scattering of hadrons. These 

include Bethe-Salpeter methods, Fock space calcuations in time-ordered 

perturbation theory, Sudakov analyses, etc. Perhaps the simplest method 

is the "partition" method discussed in Ref. 5 , which is particularly 

convenient for analyzing scaling behavior of amplitudes, and also for 

proving cancellations in the infrared region. In general, one replaces 

each hadron by a cluster of constituents, wfiere each particle has a 

finite fraction of the hadron momentum: (p(+) 3 p" + P3) 

Pf+) = xp(+), c xi = 1, O<Xi<l 

Lj, = z+li I c i?& = “L = 0 
(12.1) 

In general, the hadronic wave function controls the relative probability 

for a given number of constituents and the convergence of the xi and 

2 li spectrum. Note that in the zero binding limit we must have 

(12.2) 

Further, in the limit of small interaction strength only the minimally- 

connected graphs would be important. 

We now make the following snsatz: The short distance behavior 

and fixed angle scaling properties of hadronic amplitudes are independent 

of the magnitude of the hadronic binding. In this case the leading 

asymptotic behavior is identical to that obtained by partitionin$ each 

hadron's momentum among its constituents and calculating the minimal 

connected graphs (including the usual spinor factors). Examples are 

shown in Fig. lO.for the nucleon form factor and K+p +K'p amplitude. 
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Figure 10. Partition graphs for Fp(t) and K+p -s K+p. 

The interaction kernel is iterated wherever large momentum transfer is 

involved. In general all possible routings are required. The important 

graphs of the CIM are reviewed in Section 15. 

Since the calculations do not include loops, they are extremely 

simple. In the case of renormalizable theories, the gluon couplings 

always cancel its propagator in the scaling behavior so (after spin pro- 

jection) only the quark propagator k -2 contributes to the fall-off. 

It is then simple to verify the dimensional counting rule F(t) - t -n+l 

for the spin-averaged form factor and &(K+p +K+p) _ u-lt-2 , for 

Fig. 10, and the general fixed-angle scaling result uun - (JS)4-n, 

n=n active, independent of constituent spin. It is also easy to see 

that the partition model is always gauge invariant as long as all possible 

photon insertions are made along each charged line. 

13. Proofs of Dimensional Counting 

The technical condition for the minimally-connected partition 

graphs to give the correct asymptotic behavior is the finiteness of the 

Bethe-Salpeter wave-function at the origin (since in this ease further 

iterations of the Bethe-Salpeter kernel lead to non-leading contributions). 

Non s-states are discussed in Ref. 5. In asymptotic freedom theories 

one can show--at least in non-gauge models--that this condition is satis- 

fied up to calculable corrections involving a finite power of logarithms?3 

In the case of gauge theories the fact that hadron has total zero charge 

(color singlet) with respect to gluon coupling leads to a cancellation 

of all infrared singularities for hadronic matrix elements. This is 

shown explicitly for the Abelian and non-Abelian cases in Ref. 5 and 
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50 , respectively. In the case of color models we also note the follow- 

ing: Emission of a color octet from an external color singlet hadron 

requires a color octet intermediate state. As long as rni - < f 0, the 

vanishing of the energy denominator at # -10 necessary for an infrared 

singularity in the gluon momentum cannot occur. Thus the extra compli- 

cations of the gauge theories do not affect the hadronic scaling laws. 

Note that the partition method always give the correct scaling law in 

the limit of small coupling strength and binding and thus even in a 

theory with wave function anomalous behavior gives an important constraint 

on calculations. 

Important progress has also been made on the contributions of 

pinch singularities of the type discussed by Landshoff. 
51 Note that in 

the case of graphs involving multiple quark-quark scattering between 

quarks of different hadrons, the intermediate states can be on-shell 

leading to singularities in the xi integrations. The amplitude at 

the singularity essentially becomes the product of independent near-on- 

shell quark-quark scattering amplitudes. As has often been noted, such 

graphs do not occur by hypothesis in the CIM because of the requirement 

of quark exchange or interchange. Further, since scale-invariant quark- 

quark interactions are not seen in inclusive large pT reactions, these 

pinch contributions presumably are unimPortant on phenomenological 

grounds. 

However, it now appears that even, in principle, such contri- 

butions do not occur in leading order of the power-law scaling in gauge 

theories. Cornwall and Tiktopoulous 5o have shown that, because the pinch 

contribution is Proportionalto a disconnected t i 0 quark-quark scatter- 

ing amplitude, an infrared factor of the form exp(-g2 log2t/h2) auto- 

maticaliy damps the amplitude faster than any power. The possible 

existence of such a mechanism was originally suggested by Polkinghorne 52 

and by Appelquist and Poggio. 5fi The parameter 2 h is a measure of how 

far the quark is off-shell and thus is proportionalto the binding 

energy A2 - (B.E.)m, and the Landshoff contribution vanishes rapidly 

as the B.E. -+C. 

We should also comment here that the dimensional counting rules 

can be derived in a more formal fashion for scale-invariant theories 

using a short-distance expansion of the Bethe-Salpeter wave function. 

This is straightforward in the case of spinless constituents, but is 

more subtle in the case of spin. 54 An elegant discussion and references 

to earlier work is given by Polyakov in his report to the SLAC 

Symposium.55 As shown in Ref. 6 , the spin complications occur because 

the important part of the wave function (which controls the convergence 

of the partition diagrams) is actually the coefficient of the "on-shell' 

spinors in Salpeter's 56 expansion of the wave function: e.g. for the pion 

*Bs(PJ - u(p,) v(p,) Jr++(p) + .** (13.1) 

Tne spinors are included in the definition of partition amplitude. The 

4r*(P) wave function has the same dimension and scaling properties as 

the spinless theory. 

14. Minimal Neutralization and Quark-Quark Scattering 

A central and recurring problem in the understanding of large 

PT inclusive reactions is the phenomenalogical absence of scale-invariant 

quark-quark interactions. In the CIM the absence of such an interaction 
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is a postulate; quarks only interact within the confines of the hadrronic 

"bag" and only quark-hadron scattering kernels occur. This is also 

equivalent to the basic duality argum.nt that all intermediate states 

must conform to the composition and quantum numbers of the observed 

hadrons. The presumed absence of hadronic states with a hard gluon 

constituent negates the importance of a hard gluon exchsnge contribution?' 

Another possible reason occurs in the context of color models. 

In order to prevent the emission of states with non-zero color, gluon 

exchange requires that at minimum two vacuum quark lines arise to 

neutralize all the quantum numbers of the final state !see Fig. 11). 

On the other hand, e+e- annihilation (via e+e- + q<), deep inelastic 

scattering (eq -+eq), the Drell-Yan process (qt -+ u+P-), and essentially 

all the CIM processes (qq -+E% qM iqM, q(qq) -MB, etc.) require only 

one quark line neutralization. The sole exception is the mechanism - 

qq +B& which again requires two-line neutralization.In fact, fits to 

pp +pX do not demand the presence of this mechanism. It is thus con- 

ceivable that there is a dynamical reason for minimal neutralization 

(and in turn minimum multiplicity) in a high energy collision. 

In any event, regardless of the eventual importance of a gluon 

exchange contribution, the quark exchange and interchange contributions 

are not suppressed in any parton ‘model, and must be taken into account. 

Figure 11. Double quark line neutralization (dashed linej'required 

for a gluon exchange contribution. to p + p +~i + X. 



li. Development of the Constituent Interchange Model4 

There are many ways to motivate the hypothesis that quark ex- 

change end interchange is the dominant hadronic interaction et short 

distances. The interchange model gives a dynamical, covariant realization 

of duality diagrams for exclusive processes at large t end u. It thus 

eutomatically satisfies the constraints of analyticity, crossing behavior, 

end leads to e smooth connection to the usual Regge physics of smell t 

and u. In particular. if en amplitude is exotic in the s-channel (e.g. 

:i'p + x+p), the amplitude continues to be exotic et large acm. 59 

The interchange model can also be motivated directly from the 

parton model starting from the usual "handbag" diagram for deep inelastic 

processes (see Fig. 12s.). The same diagram (plus the crossed graph) gives 

a contribution to Compton scattering of the form 

F(+)>(t) 
- 47.3 * ,; ;1 + o(t/si1 

S'~ 

(15.1) 

which corresponds to a j = 0 fixed pole contribution et s >> t, GO and 
- !- 

r behavior at fixed angle--assuming, as is irue from dimensional count- 
i+! 

ing. that F‘ 
P 

!t'l (which is en even C nucleon form factor) falls es 
- .J 

t &. [This result can easily he extended to give usual Regge behavior at 

smell t vie the choice of the x-distribution; see ref. 48.1 

If we replace one photon by a meson then we obtain immediately the inter- 

change model for meson photoproduction--basically impulse approximation 

Y Y 

(a) 2% P P’ 

d(YP -YP) 

(b) 

“ATP -rrp) 

- (7Tp -7rX) 
d3p/E 

(d) 

& (PP--TX) 

Q A P P’ 

. F(t) 

. F(t) 

XP 

0 
#= P 

. W, (Xl 

Figure 12. Inductive derivation of the CIM (see text). 
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g (YP -VP) -F;(t) g (T-P +Q) 

(15.2) 

The scaling behavior holds providedF1; t 
-1 

. Similarly, replacing the - -. 

other photon vertex by a Bethe-Salpeter bound state, we obtain a model 

for meson-baryon scattering at large t and u (see Fig. l2b): 

(15.3) 

This connects for s >> -t >> m2 to the asymptotic Regge behavior 

,,M" cay3(t) with 

a(t) 4 -1, B(t) +t 
-2 at large t . (15.4) 

[The factor (-u/s) corresponds to dominance of the helicity cotierviug 

amplitude.] Again we remark thatthemeson-nucleon amplitude has the 8-e 

analytic and exoticity structure as duality diagrams. For the case of 

~+p + i?p we have .A + u-lFp(t), with discontinuities only in u and 

t. A comparison with the data for K+p and K-p scattering is given in 

refs. 3, 23. 

Continuing inductively, we can obviously obtain a contribution 

:ii Lnzlusive meson nxleon scattering by opening up the quark line as 

in Fig. 12~. This immediately gives in analogy with ep + & 

where the quark carries fractional momentum 

This gives a contribution 4 

AL (7p + ?rX) - 
d'p/E 

(1 - %I3 

(15.6) 

(15.7') 

with the scale set by the scaling of the qM +qM smplitude. The con- 

tribution (15.7) clearly satisfies the exclusive-inclusive connection to 

(15.3) and automatically extends the usual formulae for the triple Fiegge 

region. This contribution is however not important in the central region 

at small 57 In a general inclusive process-away from the edge of phase 

space--there will be radiation, i.e., hadronic bremsstrahlung from all the 

external lines. The beam, target, and produced particles each radiate 

energy along the momentum direction producing extra spectators. (Note 

that F2(x) already includes target bremsstrahlung.) We thus obtain the 

contribution of Fig. 12d, and a contribution of the general form (2.1) 

where the active subprocess is Mq +Mq, and M is a virtual (99) state 

with the quantum numbers of a meson. Thus, in general.,the CIM leads to 

Eq. (2.1) where the active subprocess is any amplitude involving hadron 

scattering or production. The inductive argument given here shows that 

neither gluon interactions nor the scattering of quarks of different 

hadrons need be considered explicitly. 

cm + as) (15.5) 
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1.6. The A Dependence of High pT Reactions 

One of the most fascinating aspects of high pT reactions-- 

especially from the standpoint of the quark parton model--is the question 

of nuclear target effects. Among the general questions involved are the 

nature of shadowing effects, the possibility of coherent and multi-nucleon 

reactions, the different nature of interactions of soft and hard partons, 

and the influence of the nuclear environment on quark confinement and 

quantum number neutralization. 

(a) Inclusive Reactions: Tile PL = 300 Gev/c FNAL-CP data 11 for 

pA +HX near 9oo depends on nuclear number as A %(PT) , where for 

PI - 4 to 6 Gev/c, nT - 1.1, n + - 1.2, n - n - n - 1.3. The fact 
K K- p 6 

that nH is not below 1 apparently indicates that each nucleon of the 

target participates in the reactions, and thus there is no absorption of 

the hard partons initiating the high pT reactions. Further, nH > 1 

indicates either a collective multinuclear effect 61 or a multiple scatter- 

62 in.g mechanism. The former explanation (although in principle possible 

for CIM mechanisms like q + q + +M + 5, or Landshoff-type diagrams) 

would require coherence of quark amplitudes over large nuclear distances. 

Futhermore, the form of the A dependence is not naturally fit using a 

linear combination of terms, A, A2, A 3 62 . 

The more conventional solution, based on a careful analysis of 

double-scattering processes has been offered by J. Kuhn. 62 He assumes 

the single nucleon cross section has a two component form fitted to ISR 

data where the hard shadowing term (being due to the interactions of 

hard parton components of the beam) is unshadowed (proportioned to A) 

and the "soft" component (which arises due to the usual peripheral, 

diffractive dissociation of the beam, i.e., wee-parton interactions) 

0.85 has the same A dependence as the total cross section (=A ). In 

addition, states produced (et moderate p,) by the hard component can 

traverse the nucleus and interact again with another hard interaction 

H+p +?i+X2 2 to produce the final observed hadron at large pT. (This 

"secondary beam" is assumed not to be shadowed, since it mainly consists 

of hard partons and there is insufficient time to develop a completely 

dressed hadron.) The double-scattering term gives an A w contribution. 

Kuhn finds that the observed A dependence of pA +vX can be repro- 

duced using this model. [See Figure 13.1 Kuhn's explanation, however, 

demands that the second hard scattering (qq) + p' -1~ + X2 has a rela- 

tively slow fsll-off - (pI + m ) -4 3 E , as suggested by the CIM, in the 2 

required small E, high pT forward angle region of the Peyrou plot. 

Further tests of Kuhn's model are clearly required, especially the pre- 

dicted energy and angular dependence on A, as well as predictions for 

different particle types. Note that the CIM would predict less double 

scattering for vA +n"X since there is relatively less advantage in 

using the hard component twice. 

If the double-scattering explanation is correct, then there 

are also obvious consequences for the structure and multiplicity of the 

associated nuclear recoil system X 1 + X2, coplanarity distributions, 

etc. 

(b) Lepton Processes: The standard tests of the quark parton model, 

when performed on a nuclear target, can yield further essential information 

on the internal hadronic mechanisms. If hard p&tons are not absorbed 

then clearly no shadowing (u = A) is expected for the scaling contri- 

butions to eA + eX, pA + n+n-X st large x. Both experiments also 
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Figure 13. A dependence of the FNAL-CI' data Ii at 'Lab = 300 GeV/c, 

and Kuhn's calculation (solid line.. From J. Kuhn, 

ref. 62. 

can test the nature of Gs,A(x) a small x and the possibility of t 

shadowing and antishadowing, as predicted by Nicolaev and Zakhar& 

An alternative view is discussed in Ref. 64. 

It is also particularly interesting to study the A dependence 

of the reaction eA +eHX in the photon fragmentation region,in order 

to see how the nuclear environment influences the kinematic dependence 

of the fragmentation function G H,s(x'z~;'. Furthermore, particle ratios 

at high pm might be sensitive tz changes in the quark-neutralization & 
cr 

process induced by the nuclear medium." 

(c) Elastic Scattering: Another intriguing possibiiity is that there 

is no shadowing in quasi-exclusive asymptotic wide-angle scattering 

pl-OCk?SSeS. If we argue that only the hard-parton constituent states 

of the beam are effective in initiating a large angle scattering process, 

then no shadowing for these components implies6' 

(1C.1; 

at large t and u. The allclwed final state in the quasi-exclusive 

scattering consists of any excited nuclear state A' including nucleon 

recsil witho& any extra hadrons being przduce5. Ncte that Fermi-motion 

corrections normalize 3ut at large pm, and Zs'zble-scattering contri- 

butions should not be important in the power law region. 

We emphasize that the underlyiw assumption for tte validity of 

(16.1) is that the parton-Fock space of the incident hadron has a non-zero 

probability for a state with only hard parton canstituents. Due to their 

small interaction size, -YC~ ;srtons are assume? to comfiletely penetrate 
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the nucleus. In addition to resolving the validity of these intriguing 

assumptions, the phenomenology of quasi-exclusive nuclear scattering 

could also be very interesting. For example, if Eq. (16.1) is correct, 

then the GIN predicts 

:K+p + K+pl , (16.2) 

since only the up quarks in the nucleus participate in the interchange 

interaction, Thus extraordinary dependence on A and Z is a dramatic 

consequence of the quark model framework for large angle processes. We 

also note that measurements of (16.2) provideanincreased rate for checks 

of fixed angle scaling at larger values of t and u. 

A more general discussion of the material in this section will 

be given in Ref. 64. 

it is interesting to note that many of the postulates of the 

CIM and dimensional counting rules are natural features of quark models 

based on gauge field theories. The validity of the impulse approximation 

3t largz PT can be connected with asymptotic freedom and the existence 

of Bjorken scaling. The dominance of quark exchange or interchange com- 

pared to single gluon exchange in exclusive processes is automatic in 

color models. Continuity with inclusive processes at fixed&', or the 

minimum neutralization postulate may account for absence of gluon exchange 

in high pm inclusive reactions. Furthermore, the work of Refs. 5 and 

To crcsr- that the infrared complications of the vector treories are not 

operative in the case where 'he external states are all neutral icolor 

cisa1ets ). 

It is also striking that so many features of conventional 

quantum electrodynamics (form factors, fixed angle scattering of bound 

states, etc.) have the same behavior and satisfy the same counting 

laws which are now being observed in hadron physics--at least up to 

order a log s. (Compare, e.g., elastic T - B and elastic positronium- 

positronium scattering.) The problem of untangling hadron dynamics 

is thus very much like unraveling the structure of quantum electro- 

dynamics from the scattering and spectra of the leptonic bound states. 

The CIM together with the dimensional counting rules are con- 

sistent with a) crossing SymmetT; b) usual Regge forms (exclusive 

and inclusive) at small pTj c) continuity throughout the Peyrou plot 

including the exclusive-inclusive connection; d) duality and the con- 

straints of dual diagrams at large pT) e) Bjorken scaling behavior 

and scale invariance at short distances; f) power law fall-off in 

all momentum transfer variables; g) a purely hadronic description of 

hadron scattering at small pT. On the other hand, absorption, 

geometric effects, or consequences of quark confinement are not explicitly 

taken into account. Normalization cross checks between form factors, 

hadronic scattering amplitudes, structure functions, and decay rates-- 

all of which are normalized to the Bethe-Salpeter wavefunction at the 

origin--have not yet been systematically applied. Further gauge- 

invariant calculations of photo and electroproduction amplitudes are 

also required. 

It is apparent from the success of the quark counting rule for 

the deuteron form factor and the other nuclear effects discussed in 

Section 16 that the nucleus provides another testing ground of the quark 

model. The quark degrees of freedom become important for nuclear physics 



at momentum transfers beyond 1 Gevje2 , and provide an important con- 

straint on the asymptotic behavior of the nucleon interaction, exchange 

currents, and distribution functions. A number of predictions are dis- 

cassed in Section 16. 

L-ge PT physics is still largely a phenomenological science, ' 

and a great number of experimental clues will be required for further 

progress. Among the most important tests of the quark-parton model 

are (a) further confirmation of jet $tructure; (b) scaling laws 
,I -4 
'PT 5) for jet * jet production at a given total pT; (c) tests of 

z-ale-invariance and normalization of the Drell-Yan process p+p-+a+,,-X 

or p+ p+,+X, and production of real and virtual photons at large pT; 

id! detailed single particle distributions on a proton target throughout 

Lhe ?e-ymu plot; (e) large pn production by photon, meson, anti- 

proton beams; (f) differences of particle/anti-particles in beam, 

tar&et and projectile; (g) structure of complete events with a high 

PT trigger; (h) correlations with momentum measurements and tracing 

of quantum numbers; (i) the production of new particles at large 
5J 

or PT' All of these measurements can lead us further to the goal of 

understanding the underlying dynamics and degrees of freedom of hadrons 

at short distances. 
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RECENT ADONE RESULTS 

B: Stella - 
Laboratori Nazionali dFFrascati, Italy 

The results I shall refer have been obtained at the Frascati efe- 

storage ring Adone by the three groups now working at the machine (1). 

Most of them have been reported last month at the Palermo Conference, 

few are unpublished and some have been obtained after the Conference : 

I shall emphasize the last ones. 

I shall talk about the following subjects, briefly: 

A) Machine and apparata; 

B) J/(P physics: 

1) Leptomc decays 

j 

e+e- 

r;‘p- 

e+e-y, e+e’yy ; 

2) Multihadronic topological cross sections ; 

3) Radiative decays J/p P + y ; 

C) Se-h for narrow resonances below 3.1 GeV; 

D) What the next.. 

A) BASIC PARAMETERS OF THE STORAGE RING (ADONE). 

- The nominal energy region 0.55 GeV ,C E d 1.5 GeV has been rised 

up to theJbmass (E is the single beam energy; E = W/2, W = E 

total center of mass energy). 

- Luminosity in the range 0.2 i 1 x 103’ cm2sm1. 

- Life time 5 ; 10 hrs. 

- 3 bunches, 4 experimental intersection regions (0’ angle). 

- Luminosity monitored by a small angle Bhabha scattering monitoring 

system (+ double or single bremsstrahlung monitors). 
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- Source length : gaussian distribution with full width 47 + 5 E 313 cm 

(E in GeV). 

- Transverse beam dimensions : few mm. 

- Beam energy resolution : gaussian with aE = 0. 6 MeV, rW(fwhm) = 

= 0.31 W2 (GeV) MeV (- 3 MeV at 3.1 GeV). 

- Absolilte energy calibration at E = 1.55 GeV : dE = f 3 MeV. 

The main features of the experimental apparata are schematically 

described in Figs. 1, 2 and 3 and summarized in Table I. 

TABLE I 

general features of the experimental apparata. 

One charged +Y 

(AS = solid angle for point-like source : fwhm = (47 i 5) ~~~~ cm). 

B) J/‘f PHYSICS. - 
The experimental study of the J/Q (3.1) particle has been done in- 

vestigating the following reactions : 

a) e+e- --, many hadrons (~2, ME-41 
f- b) e+e--r e e s cL+II- (~2, MEA, BE) 

c) e+e- --t neutrals h-IQ) 
d) e+e---+ e+e-y, e+e-y7 krY2L 

The quantitative results as reported at the Palermo Conference 

are summarized in Table II. 

FIG. 1 - M. E. A. Group Apparatus: 
MWPC : TiKo plane telescopes, wire parallel to the beam 

(trigger and reconstruction) 
Momentum Analysis : C 1 narrow gap spark chambers 

C2 semicylindrical wide gap s. c. 
Particle Recognition: C3, Ci 12 cylindrical thick plate s. c. (- 6 R. L. , 

1 toll.. L.) 
S1S2S3S4 Scintillation counter system (Trigger). 
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FIG. 2 - % ‘82 Group Apparatus: 
KSC: Direction of charged particles (veto for photons) wire spark cham. 

(Magnetostrictive readout). 
SD : Detection of electrons and photons: 

‘7 s. c. with lead converters in between (- 6 r. 1. ) 
5 layers of scintillation counters 

ISC : Thick plate spark chambers 9.45 cm iron, 4jc =(. 25*4iC) sr 
ST : Electrical cilind. device trans. to the beams 

AYL = (.4lx4K)sr (Triggering) JQ=(.66x470 sr (Tracking) 

TnGGIWG 
") 5 wet4 

FIG. 3 - BBGroup Apparatus: DQ = 200x4; 44O f 6 5 136O 
Between S2 and S3 3. 5 R. L. Lead. 
Time of flight and pulse hight analysis (Now it is going to be implemented). 
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- 

TABLE II 

J/(p at Adone (presented at Palermo). 

MJ/cp 
= 310326MeV 

7-Q group MEA group 

re 4.6f. 8 keV 4.6 2 1 keV 

rP 5.Of 1.1 

r 59 t 24 50 + 23 

tot 68 t 26 60 + 25 

rrO,/r 4.5% 

GP cl.6 70 

rp’ re 1.1 + .18 

1 

-! 

Let me describe now in some detail the experimental work on the 

3/U, particle. 

B. 1) Leptonic decays. 

e+e- -+ e+e- 

These events are identified as colinear events with el. mag. sho- 

wers in thick plate spark chambers (MEA, yy2) or through pulse height 

analysis (2 times minimum after 3.5 rad. length: Bg). The background 

contamination is negligible. 

The excitation curves as found by the three groups are shown in 

Figs, 4, 5, 6 together with some numerical results (The smooth curve 

are M. C. calculations, accounting for radiative corrections and energy 

spread of the beams), The results are comparable. 

The angular distribution measured inside the resonance region 

(Fig. 7b) results to be well fitted by a linear combination of pure QED 

..- - _-__ .__- - -_... ..- ..-- - ____^ .^__ 7--^--L-- - 

L - c+emLm e” e 

---- --. 

-I- 

FIG. 4 - J/\f , e+e- excitation curve (MEA) 
rBhabha = 9. 7 + 1. 4 as measured in this region. 
’ th. = 10. 5 +. 4 as expected from QED + M. C. 

From the integrated cross section: I $I:- = 0.34+0.09. 
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FIG. 5 - J/Y 3 e+e- excitation curve ( Y 7 2). 
Cross section integrated over part of the apparatus acceptance 
(500 L- 6 g 1300). 
Line: fit of the exDerimenta1 Doints including radiative corrections, 
r",/r = 0. 32 f 0.07. - 

-.._--------- -.----_----C-“.-_--^._ ---L”-“II--“.-“_ I t* 3 If+c- ..d- F,q;- z,- I 

I I J 
3090 3100 3;roj--- MeV 

FIG. 6 - J/W 3 e+e- excitation curve (Bg group). 
Line: QED level as measured outside resonance. 
From the integrated cross section: Fe/r f 0.34 f 0. 14 
Taking r, c. into account. 
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FIG. 7 - e+e- -+ e+e- angular distribution (M. E. A. ) 

and 1 +cos29 behaviour (with relative weights 0.702 0.06, 0.30 f 0.06). 

The forward angular distribution has been checked too, as a con- 

tribution of J/~-C e+e- decay to the e+e- monitoring system. This was 

possible thanks to the availablelity of three independent monitors in 

Adone(3) : a) small angle scattering (3O - 6O) monitoring system (SAS), 

with good counting rate, some background, accidentals ; b) double 

bremsstrahlung (O”, D. B. ), with no background, no accidentals but not 

enough statistics ; c) single bremstrahlung S. B. (by sacrifying one bunch 

out of three to reduce accidentals). 

Then, assuming no contribution of J@ to D. B. or S. B. monitor (to 

be checked), the ratio SAS/D. B. or SAS/S. B. allows internal normsli- 

zation to get out the J/p contribution. 

Fig. 8 shows a J/g excitation curve as obtained in e+e- at forward 

angles : though the qualitative behaviour looks the same as at wide angles, 

the absolute contribution of the resonance seems to be higher than ex- 

pected. More complete calculations are needed to understand this effect. 

e+e’ + +- )L fi 

These events are identified by: a) absence of nuclear interactions 

or el. mag. showers in thick plate spark chambers; b) proper time of 

.flight in the upper telescopes; c) (MEA) momentum analysis. 

J/lp excitation curve and numerical results are shown in Fig. 9. 

The yy2 group has measured the J/q contribution to p+p- final sta- 

te at relatevely small angle (12O - 35’. Fig. 10); the curve (fresh pre- 

liminary result, not yet compared with calculations) seems to be some- 

what shifted respect to the position: of the hadrons curve as found in the 

same runs (see the arrow). 

Possible deviations from 1 +cos29 angular distribution have been 

investigated by the MEA group by looking at forward backward asymme- 

try : ,,+ P 
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FIG. 8 - J/W 3 e+e- excitation curve at forward angles (contribution to the S. A. S. monito- 
#king counting rate normalized to the D. B. monitor). On the contrary, the ratio D. B. /S/B.. 

results to be flat. 
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In the range 3.100 I W 4 3.106 GeV we obtain 

49 - 53 _ 
A = p- 49 + 53 0,04tO 1 . 

consistent with no asymmetric effect. 

Possible energy dependent effects on the asymmetry with were 

indicated by preliminary data of the MEA group are still under study. 

e+e- - e+e-y, e+e-y-y 

If an heavy electron e* would exist, it would decay radiatively 

(ef -c er) and an easy way to find it experimentally (if the e* mass 

fsll in the kinematical limits) would be to look for it in the J/a lept6nic 

decays : 

J/Q -+ e * e* J/a -vee 

L 
L e+y Or icy 
e-y 

The yy2 group is able to detect the final states eey and eeyy and 

to evidentiate clusters in the (er) mass spectra. Work is still in pro- 

gress. At the moment no evidence of this effect has been found. 

Besides the triggering requirements (see Table I), the identifica- 

tion criteria are : a) at least 3 particles detected (without charged 

showers) (772, MEA) ; b) no coincident forward electron detected in 

the tagging systems (7~2). 

The calculated detection efficiency of the apparata of course de- 

pends on kind of particles, on particles multiplicity and on production 

angular distributions. The general assumptions made are : a) mva- 

riant phase space momentum distributions ; b) all particles produced 

are pions (This simplifiyng hypothesis affects weakly the obtained re- 

sults). 

The total multihadronic cross section is shown in Fig. 11: the 

calculation accounts very well for the shape of the experimental curve. 

From the energy integral one obtains : 

r e= rH 4.0 2 0. 8 keV ($72) 
r 4.1 + 1.1 keV (MEA). 

The not resonant background is uh = 25 2 6 nb. 

-& group determines for each event the number of charged prong 

N ch, and converted photons N,,, detected in the optical spark chambers. 

Typical charged prong and photon multiplicity distributions, referring 

to different classes of configurations, are shown in Fig. 12. From these 

data topological cross sections and charged and neutral pion multiplici- 

ties have been extracted, by an overall fit procedure performed on a sy- 

stem of equations connecting the counting rates for the various detected 

configurations to the unknown partial cross sections for the process 

e+e- - hadrons. yy2 group obtains for the relative abundancies of to- 

pological channels at the J/q energy : 

cc2 (e+e- + 2x’ + nr’) = 32f59/0 

o4 (e+e--a 4t + nrr’) = 49:8% 
+ 

o6 (ete’ 4 6x- + nx’) = 18?3% 

(I 
8 

(efe-d 8r’GnTo) = 1.0:0.691, 

(Quoted errors take into account both statistical and systematic uncer- 

tainties). 

This gives for the average nnmber of charged pions : 

(rich> = 3.8’0.3. 

For the average +J multiplicities associated with reactions contribut- 

ing to 02, a4 ad u6 ( <nno>z <v>~ and <nrp)6 respectively) 

one obtains : 
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FIG. 11 - Total hadronic cross section. 
Line: fit of the ex. data with rad. corr. (2) and energy spread of the 
beams accounter for. 
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20. 
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a) 
937 cvcnts 

1 
, , , h-; N,ch 

c) 

118 events 

b) 

0 '2 '4 '6 ' 
I 

8 IJ, 

r- 

dl 

86 events 

b--L 
FIG. 12 - Charged prong and photon multiplicity distribution a8 detec 
ted in the optical spark chambers (‘6’8 2 results). a) charged prong 
multiplicity distribution (“charged-charged” configurations). N,h if 
the number of detected charged prongs. 
Detected photon multiplicities associated with different chargedprong 
configurations; Nq is the number of photons detected in: b) events with 
at least 5 charged prongs; this spectrum is predominantly due to reac - 
tions contributing to cc; c) events with 3 charged prongs; in this spec 
trum the reactions contributing to C2 are ruled out; d) events withon 
19 one charged prong in the set-up (“charged-neutral” configurations); 
the relative detection efficiency for such a configuration favours the 
reactions of the group 52. 



(n,o)2=3.6~0.9, <nllo>4=3.1f0.7. <n,>6=2.3i0.6. 

Than the total average T&’ multiplicity results to be 

(nTo> = 3.1f0.8. 

As I mentioned before, errors include systematic uncertainties connec- 

ted with photon detection efficiency. 

The reported results on the pion average multiplicities give the 

following value for the ratio 

@ch’ 
. . = 1.220.4 

in the J/Q decay. This has to be compared with the expectation value Cal 

culated under reasonable hypothesis. 

Let us assume for the J/Q : 1) I = 0 assignement, 2) isospin con- 

serving decays. Than one has schematically (accounting for the various 

contributions to the final ratio) : 

I Q=o, I,=1 * %x=1 

lO,O> = & ~Ll)lL-l>- -$l,O> 11.0) + 

++ IL-l) \Ll) 

<n+> 

< r+> = <n’) = <TO> -=2 
<no> 

Path length : Kg 
N 3 cm 

K”m2m 
L 

- not observable 

K” - H+T- 
S = 2 

K” ---, nono 
S 

(same argument as for pions) 

(K+> = <K-) = <K”; = (z”>. 

pe hadrons 

J/Q < n+> 
Outside the resonance ca, w 1 . 

TOTAL 

This number looks well out the range of the experimental results and 

we do not have at the moment any definite explanation for it. For in- 

stance, ii we try to account for discrepancy by e. m. decays (like 1) 

decays), we find one needs perhaps too much q’s (i.e. (q)/(r) >O. 3). 

B. 3) Radiative decays. 

To look for J/q radiative decays is important in the frame of 

charm and colour models. The y-y2 group has studied the J/Q * 

3 pseudoscalar + gamma, looking for ~‘7. q-y. TJ’~ and eventually 

q,y modes mainly in the 27’s and 37’s events (A new charmed q with 

mass in the range 3.0 - 3.1 GeV would decay in two almost co-linear 

y’s, accompanied by a third low energy photon undetectable). 

The resulting colinear y’s yield versus the total energy is shown 

in Fig. 13 (This is published(4): now we have three times more statistics, 

but the analysis is still in progress). No 3 photon event has been found 

in theJ/Q region. Everything is in agreement with QED predictions, 
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FIG. 13 - Relative yield for the production of collinear photon pairs 
(e+e--* ‘C ’ ) L I as a function of the total c. m. energy. The horizontal 
dashed line represents the e+e--+ ‘S Y level as deduced by averaging 
the first and the last point, The position and shape of the 3. 1 GeV 
resonance is also shown. 

within the limits of present statistics, though the energy behaviour in 

Fig. 13 not exclude a small resonant contribution. Than upper limits 

for branching ratios are (from absence of 3 photon configuration) : 

* 
I 

c 0.5% firr r < 1.6%. 

Due to the small q’(958) + yy branching ratio, a better limit has 

been achieved for the qt contribution looking for the decay chain 

J/P(3.1) i) 9% 

I PY 

L lT+r- . 

This decay mode has a rather iarge branching ratio (r q’+py’~wl. = 
N 27 %) and allows efficient kinematical discrimination against multiha- 

dronic background. The events were at first selected requiring the de- 

tection of 2 charged prongs and 1 hard photon (in fact one of the photons 

has to be monochromatic and very energetic : 1.4 GeV). The energy of 

the detected photons can be roughly estimated on the basis of the track 

length and spark pattern of the shower in the spark chambers (some in- 

ternal calibration cheks are possible). 

The initial sample of analyzed events consisted of 6 events with 

2 charged prongs + 1 photon and 15 events with 2 charged prongs + 2 

photons (“complete configuration”). The following sequence of selection 

criteria has been than applied : 

No more particle detected in the non-optical part of the set-up -+ 

Oevent2ch. fly . 
10 events 2 ch. + 27 

, momentum balance condition -+ 5 events : 

M(r+r-) = Mp and M(rr+rr-y) = MI), - 1 event (see the scatter plot in 

Fig. 14) ; consistency between the calculated energy (- 50 MeV) and 

the observed features of the detected shower -+ no event. This allows 

us to derive the following upper limits : 

396 



l rt(Pt3.11 -+ q’y) < l.OkeV (90% c.1. ). 

l 

a 

l 

l 

I 1 1 I I I I I I I I 

0.5 1.0 
M (n+,n-,,GeV 

FIG. 14 - Scatter plot of the invariant mass M( n*, n’) of the pion 
pair versus the invariant mass RI( n+, IC’, Y ),Y being the less e- 
nergetic detected photon,for the events satisfy’ng the momentum 
balance. The area limited by the solid line (a) represents the 
geometrical and trigger accep!ance of !he apparatus for two 
prongs and two photons iso!ropically distributed. The dazhhad 
area (b) represents the acceptance of apparatus for 95% of the 
events from the decay .J/yr (3100) + ?)‘y , with 7’ - e y , 
taking into account the experimental angular resolution and ?he 

P + q’y 
Cp 4 many hadrons < 1.7 qo (90% c.1.) 

C) SEARCH FOR NEW NARROW RESONANCES. 

Possible new narrow resonances in the Adone energy region are 

being searched for. The mass intervals explored up to now ape : 

Steps Luminosity 

1910 + 2545 MeV 1 MeV * 0. I8 nb-’ 

2966 5 3100 MeV 2 MeV -0.18 nb’l . 

The total c. m. energy spread of the machine depends on the energy it- 

self: rw (MeV) = 0.32 W2 (GeV2) = 1.1; 3.0 MeV. Therefore in the 

explored range of masses the chosen energy st,.ps are adequate to detect 

also very narrow resonances. 

The trigger requirements are the same as mentioned in Tab. I, 

and the events analyzed are “multihadronic events or e+e- colinear 

events. No evidence has been found for narrow resonances in both chan- 

nels, within the sensitivity of the present work. 

Fig. 15 shows the relative yield for e+e- + many hadrons ; for 

comparison also the excitation curve in the J/QJ region is reported in 

the same scales. The quoted.errors are statistical only. 

In order to set upper limits to the resonant production the integra- 

ted cross section 

JL -o(w) - u NR(Wl dW 
AW 

has been evaluated, where 0 is the measured cross section in the ener- 

gy interval AW (AW 2 rw in our case) and DNR is the non-resonant 

background as deduced from outside the energy interval AW. The whole 

@ width. 
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FIG. 16 - Total cross section of the process e+e- -+ multi-hadrons in the energy range 2.0 + 2.6 GeV 
(see text). Some previous results are shown for comparison. 
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explored energy region has been divided into three intervals differing for 

statistics and mass resolution, and the upper limits as found by VT2 group 
ning hadronic spectroscopy, searching for narrow resonances in the 
unexplored regions 2. 55 - 2.95 GeV and 1.2 - 1.95 GeV. 

arc shown in Table III (the radiative corrections have been taken into ac- 

count)(2 ). 

TABLE HI 

Total c. m. energy 
range W (MeV) (ie:) A W $ 

E W - aNR(Wfl dw 

upper limit (90% c. 1. ) (nb * MeV) 

1910 - 2200 2 950 

2200 - 2545 2 660 

2970 - 3090 4 830 

In order to look for less narrow resonances, the results have been 

summed ten by ten MeV ; a sample of results obtained by this procedure 

is shown in Fig. 16 (in form of total cross section) and compared with 

previous results. No statistically significant structure appears in the 

shown interval (No effort has been paid to control eventual smooth ener- 

gy dependent systematic errors : than these preliminary results are to be 

used only for spectroscopic purposes). 

D) NEXT FUTURE. 

We hope to solve some puzzles, like the energy dependent p’p- 

asymmetry (MEA), the energy dependent fl contribution ( ? ) and the 

charged/neutral multiplicity ratio (772). 

The Bz apparatus is going to be completed in the full solid angle 

and improved by 16 lead glass Cerenkov counters covering 7 70 of solid 

angle (as a collaboration ‘tith Stony Brook University). 

Data analysis is in progress for part of results, of course (for 

istance for r/Z tagging system results). 

Starting next September we shall continue our program concer- 
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.: 

As an introductory remark let me briefly show the scien- 

tific outline,followed by the M.I.T.-B.N.L.group coinciding 

with mine, too. It is the physics of real and virtual photons 

and their connection to strong interactions via Vector mesons. 

Starting at DESY, Hamburg, the symmetric spectrometer of 

Fig. la) was used to detect e+e- pairs from Q.E.D. and the lep- 
I) 

tonic decays of vector mesons. Right now a measurement of 
+ - 

q'-, ee is underway there,detecting the interference with 

Bethe-Heitler pairs, too. However, still more vector mesons than 

F,G, P, and 9' are necessary to 1) account for the hadronic compo- 

nent of the photon. 

The well understood diffractive photoproduction was sacri- 

fied to the higher energy of E* = 7.5 GeV available at B.N.L. 

in the reaction: p + p+ e+e- + X. Fig. lb) shows the apparatus 
3) yielding the discovery of J (3.1). Again, lack of energy suppresses 

the production of heavier candidates, making an extension to FNAL, 

Batavia energies highly desirable. 

An apparatus for ISR, CERN is seen in Fig. lc). This enables 

the search at highest energies presently available. This is 

necessary, because the hence undetected So, W" particles are con- 

jectured to be extremely heavy and are of crucial importance to 
4) unified theories ' of weak and electromagnetic interactions. 

I Discovery of J (3.1) 

Returning to B.N.L. energies we note that at 30 GeV already 

many particles may be produced, where the ones known till 1974 

1965 - 1972 
(DESY) y+ p - e-e+ +X 

1972 - 1975 
(BNL) p +p - e-e++x 

1.5 c m e 5.5 GeV 

b) 

1975 - 1978 
(ISR) 

0 1 5m 

Fig I 

P+P-IIcr+x 
4 c m c 60 GeV 

( to, W”) 
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usually were short lived, when heavy, and only four were vector 

mesons. 

Opposed to that the new particles 3,5J live long despite their 

very heavy mass and are J PC = l-- mesons. This must have a hidden 

reason. The future task will be to find out, how many new part- 

icles share this "reason" and thereby allow an understanding. 

The discovery and further investigation of these new part- 

icles required the solution of several experimental difficulties, 

emerging from the extremely small cross sections. 

The detection apparatus at Brookhaven 

is shown in Fig. 2. The followLng considerations determined this 

lay out: 

1) If the production has approximately similar characteris- 

tics to 9,'T and w's produced in pp collisions 6) : 

l 

dG 70: 
e-bp, e-c~~~ 

dpn dp: E* 

the maximal yield will occur for production of a particle with 

mass M at rest (x = p:/pi,x = 0). in the overall CMS. The best 

kinematic region is then at p,,=O and pI = 0 for the pair. 

A,,A, B,C- a000 proportional wire chambers 

o,b - axa hodoscopes Plan view of the detector 

s: - 3 banks of pb-91.6. rimvrr Counteni 0) 
%4Po Ce- gas cerenkov Counter* 

? 1~ 2,” 
Side view of the detector 

b) 

Fig 2 

+ 90' decay in the CMS appears as + 8 = arc tg CL1 
6 

= 14.6O in 
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the laboratory frame for incident protons of 28.5 GeV. This 

is independent of the mass M of the particle produced! There- 

fore the spectrometer opening angle was chosen to be + 14.6O. 

2) Because the cross sections are small, high beam inten- 

sities are necessary. Conversely, the apparatus must be able 

to stand high hadron fluxes. 

3) Hadron pairs like n+.<, K+K-, pp . . . will dominate 

over e+e- pairs from virtual photon decay by more than a fac- 

tor a2 . A 1% measurement therefore requires many threshold 

Cerenkov counters to achieve a rejection of better than lo-* 

against all particles other than electron pairs. 

The intense proton beam of up to 2'10 12 protons/set. 

was focused by quadrupoles to a 4 x 6 mm image spot size on 

a target of several beryllium pieces. Particles produced in one 

piece and accepted by the spectrometer do not pass through the 

next piece. Fig. 2) shows the plan and side views of the spec- 

trometer and detectors. Bending is done vertically to decouple 

angle (S) and momentum. The field of the magnets in their final 

location was measured with a three dimensional Hall probe at a 

total of lo5 points C8, Co and Ce are gas threshold Cerenkov 

counters. CS is filled with isobutane at 1 atm., Co is filled 

with hydrogen at 1 atm. and C, is filled with hydrogen at 0.8 

atm. A,, A, B and C are proportional wire chambers with 2 mm 

spacing and a total of 4,000 wires on each arm. Behind chambers 

A and B are situated two planes of hodoscopes, 8x8, for improved 

time resolution. 

Behind the C chamber there are two orthogonal banks of 

lead glass counters of three radiation lengths each, the first 

containing twelve elements, the second thirteen, followed by 

one horizontal bank of leadlucite shower counters, seven in 

number, each ten radiation lengths thick, to further reject 

hadrons from electrons and improve track resolution. The appa- 

ratus is embedded in 10,000 t of shielding to reduce neutron 

background. The following features of the system deserve spe- 

cial attention: 

a) The momentum is determined by measuring the vertical 

deflection accurately with the wire chambers; see Fig. 2b. 

Since this is decoupled from the measurement of the opening 

angle, a good mass resolution of f 5 MeV is achieved. 

b) To obtain a rejection of 10" or better, extreme care 

was given to the threshold Chirenkov counters Co and CS. They 

are filled with hydrogen because it has the least electrons 

to produce knock-on electrons from, thereby simulating wrong 

particles. The windows were kept thin for the same reason. 

The rejection of each counter was measured to be 10 -3 . Co is 

shown in Fig. 3a). 

The Cerenkov light of about 40 photons is focused via a pre- 

cision spherical mirror of only 3 mm thickness and a mirror 

parabola onto the photo cathode of a RCA 31 000 M multiplier. 

These are very new and special tubes with excellent cathode 

efficiencies of about 25%. Due to an extremely high gain of 

the first dynode excellent time resolution is obtained and 

single photo electrons are resolved. Fig. 3b) gives a measure- 

ment with helium filling, yielding only two photo electrons on 
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“ill L.. 

a) 

b) 

Fi.g 3 

c) 

the average opposed to 10 in hydrogen. This demonstrates hw 

the estimated performance may be checked directly. A syste- 

matic check using electrons at all possible trajectories was 

done in addition. Fig. 3~) displays one of these measurements. 

The rejections are decoupled as far as possible by magnetic 

fields curling up l-rays. The system of four counters has a 

measured rejection of about 10B1'. 

c) To be able to handle a high intensity of 2x10 12 proton5 

per pulse with consequent single arm rates of Y 20 MHz, there -,. 

are eleven planes of proportional wires7'(2xA0, 3xA, 3xB, and 

3xC) rotated 20° with respect to each other as shown in Fig. 4a 

to reduce multitrack ambiguities. To ensure the chambers have 

a 100% uniform efficiency at low voltage (Fig. 4b) and a long 

life time in the highly radioactive environment, anArgon-Hethylal 

mixture at Z" C was used. 

d)' To improve the rejection against so -rJe+e-, a very 

directional Cerenkov counter Ch was placed close to the target 

and below a specially constructed magnet MO (Fig. 2b). This 

counter is painted black inside and is sensitive to electrons 

of 10 MeV/c and pions above 2.7 GeV/c. The coincidence between 

Cb and Co, C, the shower counters and the hodoscopes indicates 

the detectionof an efe- pair from the process rO-6 e+e-, and 

such events are rejected. Conversely, one can trigger on Ch 

and provide a pure electron beam to calibrate Co, Ce and the 

shower counters. This is a redundant check in setting the vol- 

tage of the Co counters, srnce the coincidence between Co and 
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CD will ensure that the counter is efficient for a single elec- 

tron and not a zero degree pair. 

e) To reduce photon and neutron contamination the loca- 

tion of all the hodoscopes and lead glass counters are such 

that they do not see the target directly. To further shield 

the detectors from soft neutrons, 10,000 lbs. of Borax soap 

was placed on top of Co, betveen Ml and X2 and around the front 

part of E behind M2. 

f) The spectrometer has a large mass.acceptance of about 

2 GeV. Therefore the mass range from 1.5 - 5.0 GeV can be studied 

in three overlapping settings. In the horizontal plane 61 +A0 = 

14.6 + lo are accepted corresponding to 90 + 5O in the CW. In 

the bending plane by = 2 ZOand variations of 0.6 p,c p&1.8 p, 

are accepted, where p, is the principal axis momentum. The re- 

lation to the mass is given by 

m ee e 2p sin 14.6O" p/2 

for an exactly symmetric pair. The spectrometer has 

1) Biggest acceptance for single particles and pair 

produced at rest in the CMS, thu$ = p,, = 0. 
P max 

2) Single particles are produced at 90° in the CMS with a 

PI h p/4 of the LS. However, for a produced resonance 

decaying into a pair the p-r is very small. 

TIJ summarize, we point out the following unique features: 

1) T he apparatus can stand a beam of 2*101' protons/set, 

or rates 720 MC. Thereby a sensitivity of G* B c 1O-36 

can be reached. 

2) The multiwire chambers sort out up to 8 tracks per arm. 

3) The Cerenkov counters provide a rejection of 

false e+e- lo-8 
.I. - 

h'h- 

4) Mass resolution is 2 5 PleV. 

5) Mass acceptance covers 2 GeV. 

The first measurements 3, were taken in August 1974 and are 

displayed in Fig. 5a) as shaded area. Very pronounced a clear 

sharp enhancement is observed at 

3.1 GeV, being the discovery of the J. 

This was a total surprise, q uite different from the expectations 

of a broad vector meson or an annihilation continuum 8) . There- 

fore many checks were performed, to ensure it is a real particle: 

1) Decreasing magnet currents by 10% shifts the accep- 

tance as well as the spatial region of the trajec- 

tories, reconstructing to mee = 3.1 GeV. The peak re- 

mained fixed, see white area of Fig. 5a). 

2) Doubling the target enhanced the rate by a factor two 

and not four as background would behave. 

3) Only events with 1.5" clearance to all magnet walls 

were considered; the yield corresponded to this reduced 

acceptance. 

4) Changes in beam intensity, the highvoltage of all shower 

counters, the reconstruction method, etc. revealed no way 
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of simulating this peak. 

These and many other checks convinced us that we have ob- 

served a real massive particle J+e+e-. 

Partial analysis of the width of the J particle shown in 

Fig. SC) indicates it has a width smaller than 5 MeV/c'. 

If we assume a production mechanism for J to be 

d36 -6~: 
= L, 

dpA*2 dp: I?* 
independent of pz 

and an isotropic decay in the rest system of the J, we obtain 

a Jree ' - yield of 1O-34 cm2/nucleon at 28.5 GeV. 

Fig. 5b) shows the yield of e+e- in the region 3.2 to 

4.0 GeV/c', normalized to Fig. 5a). The acceptance in this re- 

gion is a smooth function and varies at most by a factor of two. 

The observed events are consistent with purely random coinciden- 

ces. To a level of 1% of the J yield, with a confidence level 

of 95%, no heavier J particles were found. We note that this 

upper limit is independent of any production mechanism of the J,~lfcr~~&=l- 
4 

we obtain an upper limit of 10 -36 cm*/nucleon for the production 

of heavier J's with a 95% confidence level. 

I1 Production Characteristics 
3 Several photoproduction experiments of J (3.1) have been 

carried out at very different energies at Cornell, SLAC, and 

Fermilab. For a J PC = 1-- one expects the typical diffractive 

production of e -bt which has been experimentally seen, even 

though with relatively low slope parameter, b=l-4. Also the 

production should get energy independent, however, as shown 

in Fig. 6) there is a strong dependence due to threshold of 

production. 

It is therefore not surprising to find a strong energy 

dependence in hadron production, too. 

31 a) The M.I.T.-B.N.L. group has measured the J yield with 

20 GeV incident protons and finds a decrease of almost 

a factor ten compared to 28.6 GeV. These measurements 

are for x = 0. 
101 

b) The collaboration at Fernilab. found from 250 GeV 

neutrons a cross section of 

G(n Be+ J-/p+ X) = 3.6 . 10 -33 cm2/nucleon for 1x1,0.24. 

c) The CCRS II) group at ISR finds at an equivalent proton 

energy of roughly 1200 GeV: d6/dy = (7.5 + 2.5) * 1O-33 cm 

and with <pA> = .67 

dG(pp - J tee + X) = (3.8 + 1.3) * lO-32 cm2. 

Even though the disjoint x regions of these experiments forbid a 

direct comparison an increase of at least two orders of magnitude 

is to be noted. 
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The pI dependence 

of about 460 J events from the M.I.T.-B.N.L. group is shown 

in Fig. 7a). According to this preliminary evaluation the data 

are compatibly with e -1.6 pA2 . For comparison the 250 GeV neu- 

tron data la ) are shown in Fig. 7b). The e-".? line was taken 

from the inclusive ?-production observed by the same group. 

It does not describe the data well, but e -2PA2 is consistent. 

In studying the production mechanism one needs of course a 

comparison to theoretical concepts. The associate production 

views J to be proposed via 

p+p--;rJ+S+X 

in order to conserve a new quantum number, similar to strangeness 

in p + p - k" +A + X. Since J are still produced at 20 GeV,the 

objects, 8 could not be heavier than about 2 GeV, taking Fermi 

motion in the beryllium into account. 

Forward cross section as function of energy. I""JN 
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case de-excitation by y emission is expected. In any case the im- 
0.01 I I I I I I 

0 ,250 ‘SO0 .750 I.00 1.25 1.50 portant question is: How many more new narrow resonances exist at 
PT C BeV*l 

Cl) what masses? 

Preliminary p4 dependence of J produced from 
In particular are there: 

beryllium at BNL with 28.5 GeV. + - f 1) charged JL+e e TI , ..? 
NAL neulron doto 

&Be--p+t;x 
2.6s M p+p- s 3.4 

Pi (GeV’) Fig 7 

III Search for other resonances 
H&y theoretical explanations 

have been attempted. 

13) for the new particle 

The model of Yang and Wu takes the associative production 

pp+JB+X to conserve an additional quantum number. Similar to 

h+pm - they expect a slow decay Q~pn- and a mass of about 2 GeV. 

In the model of Glashow the J particles are viewed as a bound 

ortho state (l-) of charm and antichann. In this case charmed 

mesons with D+Kn decays and charmed baryons with Kp-decays are 

expected. 

Also, baryon antibaryon bound states were proposed. In this 

2) other long lived members, + - unable to decay into e 9 , 

but do decay into K+r-, pr-, pK-, . ...? 

b) 

The latter possibility was explored with the MIT-BNL apparatus des- 

cribed before, suitably modified. Filling the second pair of Ceren- 

kov counters by 1 atm. isobutane, they will count IT'S. The shower 

counters got replaced by two high pressure Cerenkov counters, filled 
pI dependence of J events produced 
by I= 250 GeV neutrons off beryllium 
at tiAL. 

with 20 atmospheres ethylene as to detect K+ and K-. In this way R, 

X, p can be distinguished in each arm. The MIT-BNL group just has 

completed a systematic search in the resulting nine final states: 
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P +Be+ s-p + x A 

lr+r +x-l _. 
PP +x 
K-p +x 

8, 

K+W + x 

Events/ 12.5 MN/c2 t g 5 
000 * 

K+K- +x 
K-T+ +x 
K+ji +x 

I 

c 

lr+p- +x 

in the pair mass region 1.2 - 5.0 BeV with a mass resolution of 

5 MeV. 

The experimental setup for this experiment is very similar 

to the original B+e- experiment 12) . However since there are much 

more hadrons than electrons the random accidentals are more serious. 

To reduce the accidentals to minimum a new target system was put in. 

This consists of five pieces of 4 mm x 4 mm x 4 mm Be target sepa- 

rated from each other by six inches. The targets are supported by 

thin piano wires. This arrangement enables one to locate the point 

of intersection between the two trajectories. Requiring this inter- 

section to be in one of the target pieces eliminates accidentals 

random in space, see figure 8a. Two additional scintillation 

counters were installed at the end of each arm. Using mean timer 

units a tight (0.9 ns) coincidence is achieved to reject accidentals 

in time (Fig. 8b). 

Fig. 8c shows the copious nf- mode in three overlapping mass 

ranges obtained by changing the accepted momenta by the magnet 

current. These and the following graphs display the events with- 

Out corrections. The rise is due to the onset of the acceptance, 
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whereas the fall is given by the physics of the falling cross 

section. This representation is chosen to display the unobstruc- 

ted event statistics as being decisive in the search for narrow 

resonances. For "normal" resonances with several hundred MeV width 

the acceptance would have to be divided out to obtain cross sec- 

tions. This will be done later. 

Fig. 8-12 show the results of all nine reactions which were 

all simultaneously measured in six overlapping mass regions. 

Fig. 9a is interesting in context with the model of associated 

production. In Fig. 10 possible final states of charmed mesons 

are seen as in Fig. 11 for baryons. In pp an early weak indica- 

tion at 3.05 GeV in one of the spectra has disappeared. If the 

J (3.1) is an ortho charmonium state (Jpc = l--j, then necessari- 

ly a paracharmonium state (Jpc = O-'1 should exist, too, at about 

3 GeV and should couple even stronger than J to hadrons. cFL~ I*) 
60 

No narrow resonances with more than three standard devia- 

tions are seen in any one of the nine final states. 

Taking the same production mechanism than for the J in con- 

sidering a 56- deviation in one of the 12.5 MeV mass bins as the 

sensitivity level, we obtain the following table: 

Here,sensitivity is meant as the product of branching ratio 

times production cross section. 0) b) 

Fig 9 
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SENSITIVITY l cm2 1 
FOR NARROW RESONANCES 

-L 

a) 

MCV/CL 

b) 

Fig 12 

! 

K+K- I x lo-33 5 x10-= I x lci- 

Kf6 2 x IO-= 4 x lo-- 8 x to- 
I 

D 7T- 4xlo-32 / 4x1o-33 15X16J./ I I 
P K- 7 x lo-= ( 4 x10-34 

PF 
- / 

These limits do depend on the assumed production and may 

be a factor three higher for flat distributions. 

Whereas the spectra do not show any sharp resonance states, 

the cross sections g vs m for groups A (n-p), B (n+rr-, pp, 

K-p) and (n+p, K-n+) do exhibit some simple 

degeneracies. The cross sectlon for each group decreases with m 

as e -5m and differs from each other by an order of magnitude. 

To search for multibody final states the additional reac- 

tions: 
p+Be + r-r- +... 

K-K- + . . . 

Ff; + . . . 
K-i; + . . . 
l?-F + . . . were measured, too. 
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In this case one is probably looking at a part of a multi- 

body decay, for example of C -+ K-x%-n+, etc. Therefore one 

expects near the C mass a change in cross section. 

No such discontinuities were found. 

IV Furthe.- studies 

For the wide energy range from s = 30 - 3600 GeV2 the 

e-/n- ratio has been found 14) to be constant. 

e 
*- -10-4. 

This fact has been a puzzle for some time, also impli- 

cations in context with new particles were expected. 

The MIT-BNL group intends to find the answer experimen- 

tally.'Fig. 14 shows a preliminary measurement done in September 

1974, of 
p+Be+e- +X 

p+Be+n- +X 

t again at X = 0. The magnets adjusted for p = p/4 = l-2 Gev/c. 
5 

The target reconstruction of Fig. 14a shows that the measured 

particles come from the single piece used. The signal height of 

the shower counters shows they are mostly electrons (Fig. 14b). 

Background in this measurement comes from y conversion and Dalitz 

decay of rr". To eliminate this three converter foils of known 

b) 

I e-rate 

1 I I I I I I- I 
0.02 cm4 0.06 

Converter Thickness in Radiation Length 
cl * 

Fig. 14 Preliminary result of single arm electrons 
emitted at 90° in the CM~ with 

Pa = l-2 GeV/c 
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thickness were put in front of the first magnets and the ratio 

of the yield to II- plotted in Fig. 14~. Extrapolating to zero 

thickness and the Dalitz equivalent fraction behind it, we see 

a ratio of e-/r- of about 10 -4 . 

This demonstrates that 90' electrons can be detected, using 

one spectrometer arm only. The intention is to use the other to 

explore simultaneously emitted hadrons as to get a consistent 

picture. 

In this future measurement, both, the K-Cerenkov counter 
and the shower counters will be present, such that interesting 

particle combinations may be looked at. For instance from charm- 

ed meson pair production 11) 

pBe+ D+ D + X 

I e+h+v 

Alternatively, taking a u lC+=- sample would be a very charac- 

teristic mode for the reaction above. 

In any case insight in the so far unexplained 15) e-h- 

ratio will be gained by this measurement. 
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t(3.1) PRODUCTION BY PIONS AND PROTONS AT FEMUAB* 

6. L. Blener, C. P. Bayer. U. L. Feissler, D. A. Carelick+, 
H. ii. Gettner, H. J. Glaukam. J. R. Johnson, H. Johnsted, 
M. L. Hallery, E. L. ?otbier, D. M. Potter. M. T. Ronm, 
H. F. Tautz, E. van Coeler and Roy Ueinstein 

Presented by M. T. gmm 

Northeastern University at‘lbrton 
Bortoa, Bbrachrwetta 02115 

I will describe meemarants of 1(3.1)(l) Y‘OD. production by 

pious and protons mede by the Northeastern High Energy group at Ferri 

Netional Acceleretor Leb, FNAL. I will give 1 production probebilf- 

ties per inelastic collision. distributions in XL - P L.ab'Pbeam end 'I' 

and the ratio of t yield per incident pion to tbet for protona .s 

meesured in the reectiom 

n- + Pa - + - 
P + L, + x at Pbem = 200 cd 

p + Fe 
+ - 

- 1 + Y + x at Pbep - 240 6ev 

I will mention some feeturer of the low me.d region of our date. Ihe 

di-muon deta were taken during ‘IL experiment by our g-p which 

reerched for charmed meeon production in "-p and pp~ interectiow. I 

will not describe the charm search experfment et thie time. 
(2) 

The experiment wee performed in the K2 bean line fn ttc Meson 

Lab stFN4L. The M2 beam is nominally a diffrective proton bean since 

it views the meson area target et a production angle of 1.0 P red; 

however, by reversing the polarity of the bendine magnets. an intense 

n- beimp ten be obtained at slightly lover energies. Beam hodorcopes 

were used to meesure the incident beam particle's mrnsntum to 

6pB/pB - 0.2%, and its incident vertical end horizontal angles to 

be - 062 m rad. The beam spot at the target was l/4" x 114" mxl the 

* 
Research supported in part by the National Science Foundation 
under grant MPSIO-0205965. 

t 
Sloan Foundation Pellar. 
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coordinates of the beam particle were measured to an accuracy of l/16" 

horizontally and l/E" vertically. Beam particle identification was 

accomplished using two threshold Cerenkov counters set on pions. The 

beam part of the trigger included signals from beam trigger counters 

and the absence of signals from halo veto counters. One of the beam 

counters was pulse height analyzed. 

The data I will present was taken in a total of 45 hours of beam 

time. A 200 GeV negative pion (less than 14. kaon) beam was used ior 

25 hours at an intensity of - 6.0 x lo5 per - .a set pulse. For the 

remaining time we used a 240 GeV proton (less than .52 pion) beam at 

- 7.5 x lO'/pulse. 

The apparatus used for the di-nuon experiment was a solid iron 

IA spectrweter shown in Fig. 1. The u-pairs were created at the front 

end of the first iron (Fe) absorber. Muons were identified by their 

traversal of 5.6 m of iron. A 60 cm hydrogen target, not show, used 

for the charm search experiment was centered - 60 cm upstream of the 

iron. The MP counters were used to determine the effect of upstream 

interactions. Counters MO thru M5 were the di-muon trigger counters. 

The first- 2.5 m of iron served as both target and hadron absorber. 

A 3 m long gapless iron magnet, assembled and wound by us, was use-l in 

conjunction with 3 magnetostrictive spark chambers to measure muon 

production angles and momenta. The proportional chamber was used 

only in checking the reconstruction technique and the spark chamber 

efficiencies for a subsample of the data. 

The di-muon trigger required a six fold counter concid.zr.ce, 

MO.Ml.(MZ.M3).(M4.M5) in time with a bea particle trigger. The fo:- 

lowing steps were taken to insure chat at least two muons passed 

through the apparatus: pulse heiets 1 112 times vinlmum ion~zlrc 

were recuired -:r PC4 372 !A. znl a s~t:t counrer cslnclde?vc. 



(Kz-I43)‘044.M5), was required at the rear of the magnet. FUrth.WUOre* 

iron was placed between the back trigger counters and between the 

spark chambers to eliminate backgrounds due to single muons which 

caused.knock-on electrons. During the actual running we checked that 

there wes no observable accidental component in the trigger. Also, 

we checked that the biases on the MO and Ml connters were set well 

below the double minimum ionizing peak. 

Alignments and magnet calibration were done using a P beam. 

The El2 line is a two stage magnet systnn. In order to produce a P 

beam, two collimators after the first stage were closed and the 

second stage wae used to center the k bcaa on a hodoscope just in 

front of the target. The bomentum spectrum used to calibrate the 

iron magnet with 200 GeV muons is shown in Fig. 2. Superimposed are 

points obtained with a Monte Carlo program which simulates events in 

* model of our apparatus. The agreement is quite good. The calibra- 

tion was checked at other values of the muon momentum. The ma@,etiC 

field of the iron magnet was found in this way to be 18.5 Kilogauss. 

We have also found from an analysis of-our wide opening angle events 

that the variation in average field over the active region of the 

magnet is less than 5%. 

A study of the number of di-muon events, corrected for detec- 

tion efficiency, per incident flux for a sample of the data runs 

checked the stability of the detector for the duration of the experi- 

ment. 

The dimuon invariant mass, M 
w 

was calculated from the tracks 

measured by the spark chambers, assuming the dimuon was produced in- 

side the first iron absorber one absorption length from its edge 

along the beam line, at the point z = 76 cm in our coordinate system, 

see Fig. 1. The muon momenta and angles were reconstructed taking 

into account the bending and energy loss of the muons in the 

1sb 

RU0N BEAM MAGNET CACIf3WTI.0N DATA 

BEAM MUBNS - 
FtT 200 GEV - 

-0 100 200 - 300 400 
flEF1SUREO BUlaN M0HENTUti (GEVI 

Pig. 2 
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‘a<-i..jL*d :rm spectrometer. 

Only .+u- events were selected, eliminating c 22 of the U 

event a. In the horizontal plane, where there La no bending, each 

muon track was extrapolated back to the assumed production point. The 

distribution of measured deviation at the production point divided by 

the exoected standard deviation, calculated using the measured momen- 

tum of the track, was ccnparfi’ :n 3 aaussian di*tribution, see Figs. 3 

end 4. The discrepancy between the slope of .4? in Fig. 3 and the .5 

one would expect for a gaussian distribution indicates an 8% error in 

our calculation of the expected standard deviation which is probably 

due to the fact that we neglected large angle Coulomb scattering. In 

the 8nalysis, the tracks were required to deviate by less than 2.2 

standard deviations removing c 10% of the events. Note that we have 

placed the cut at a point near where the distribution for the pion 

beam data, Ffg. 3, begins to deviate from the gaussian distribution; 

this deviation is peculiar to the pion beam data and we believe that 

it is due to a beam muon background. 

For all of the data I will present we have required that the lab 

momentum of the di-muon be greater than 90 CeV; this insures that our 

acceptance for the events in the 3 GeV mass region is greater than 

- 15%. For a fixed mass the acceptance of the apparatus is a smooth 

function of lab momentum, Pl, and transverse momentum, 9. In the 

interval 2 < 
--?a 

< 4 GeV, the mass acceptance is a smooth structure- 

less function of mass and varies by about + 35%. 

?he dimuon effective mass spectra for the high mass region as 

observed are shown in Figs. 5 and 6. The dashed cures drawn in the 

region M 
ii!J 

x 3 GeV represent the spectra calculated by a Monte Carlo 

nethod chich takes into ac:‘ount tie reselutlnn and detection effi- 

r~ency of the apparatus an? acc,umes all of the events in the interval 

RbXTG FU-I ALL EVENTS 

PI0N BEAM DATA 

10. 

WITH ALL DTHER GUI 

o. 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 
PDXTG 

Fig. 3 
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DI-t7UBN HRSS EVENTS~PER..2 GEV BIN 
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DI-tlU0N DflSS GEV 

Fig. 6 

2.5 <Is 
w 

C 3.7 CeV, the f region, result from the decay t - w+w-. 

. In the $ region, we observe 104 and 45 events in the pion and proton 

data, respectively. Since the agreement between the dashed lines and 

the data 

$(3.1) - 

We 

tion for 

in good. we interpret the observed enhancements as 

LLt-. 

have used the proportional chsmber to check the source posi- 

the events in the t region, 2.5 rM,,k 2 3.7 CeV. We consider 

only events which had a proportional chamber hit within 2 standard 

deviations of the calculated trajectory for each track. The propor- 

tional chamber hit and the position at the spark chambers were used 

to obtain a better measurement of the trajectory. The distribution 

- of the s coordinate of the intercept in the horizontal plane of the 

two tracks is shown in Fig. 7. The resolution is poor but the mean is 

in good agreement with our asslnned production point at z = 76 cm and 

the r.m.s. spread is in good agreement with Monte Carlo predictions. 

We have chosen to present s - PLab/Pbe,, and PL distributions 

corrected for the acceptance of the apparatus. To do this we wrote sn 

event by event acceptance routine which assumes isotropic decay of the 

dimuon parent, neglects multiple scattering and uses a bend plane 

approximation to track through the magnet. To check this routine as 

well 8s to check all of our analysis routines we have generated Monte 

Carlo I events, let the muons multiple scatter and be accepted by a 

model of the apparatus, then corrected the events for acceptance. 

The resulting spectrum-for a simulation of the ]t distribution for 

proton initiated t events, the distribution with the steepest slope, 

is shown in Fig. 8. There is reasonable good consistency; one can 

see the effect of the momentum resolution. We have checked that in 

all cases the disagreement between the best fit slope parameter and 

the generating parameter is less than the statistical errors for our 

measured slope parameters. Also, for the data, we have checked our 
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fitted slope parameters against pariamrtcrs obtained by fittLng.the 

uncorrected data directly using the Monte Carlo program. 

'Be acceptance corrected distributions in 3 snd PA for event8 

in the t region are shown in Figs. 9 and 10. lha solid lines are 

fits to the measured cross section of the form: 

d2d=&2a cd-to+,) x exp(-bPL) 

'Ihe results of the fits ere for incidents pious a,,= 6.2 + 0.8 and 

bll = 1.6 + 0.2 (Cd, and for incident protons a - 9.7 + 1.6 and 
P - 

bp - 2.2 + 0.5 (CeV)-l. 

We have calculated using measured branching ratios of the 

r'<3.7)(3) that less than 7. + 4.1 of the yield in the t region, 

2.5 < -b < 3.7 GeV. is from $'(3.7) + r;'IA'. From en utrapolation of 

a power law fit to the low mass data we find - 5% of the pion data and 

- 3% of the proton data in the t region is associated with the low 

mess region of our data, see Figs. 11 and 12. We *re still analyzing 

the high mass data, Mw > 3.7 GsV, aad vi11 try to understand the 

mass spectnss of events associated with these events and possible 

extrapolations into the $ region. We calculate using w and Y inclu- 

sive spectra from np and pp interactions, the measured V photoproduc- 

tion cross section (4) and our own measured pion I production cross 

section and 5 distributions that the background in our pion and 

proton beam data due to secondaries is less than 6X. Using doubly 

charged data @%' and ~-IL-), we find the background due to n and R 

decay is less than 2%. We are presently analyzing muon beas particle 

backgrounds but we believe this background to be negligible for the 

proton beam data and less than 10% for the pion beem data. 

using the MP counters, see Fig. 1. we have determined that our 

results are independent of whether or not we require a single minimum 

ionizing particle in the first counter. We chose not to cut on the 

LIJ PR0TBN 

BEAM 

IO .lI 
.SO 

a PI0N BEAM ’ 
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HP counters to avoid possible biases. We calculate that- 5% of our 

pion beam data and- 82 of our proton beam data may be associated 

with i production in the Ii2 target. 

We use the observed nwnber of produced t's, corrections for 

detection efficiency, acceptence end terget-X cut losses to calculate 

$ production probabilities. At the present stake of analysis the 

backgrounds appear small. We have not done any background subtrac- 

tions. We calculate the probsbflify of producing a I per iuelastic 

interaction in iron times the branching ratio into P+w- to be: 

P*(l) - (1.58 + .79) x 10'7, X' > .45 

ppw = (.59 2 .30) x 10-7, X’ > .375 

where the errors are sn estimated 2 50% systematic error, end where 

we have used X’ E 5 = Ptib/Pbe,. We canpare to the results of # 

production by neutrons on a Beryllium target (5) by calculating the 

fmplied production probabilities and canparing at the same Xlmin, see 

Fig. 13. We find good agreement in slope but a factor of 4 discrep- 

mcy in normallzatfon. 

We have compared the yield of t meeons per incident n-, Y,,, to 

the yield per incident p, Y . The ratio of the yields, R - Y /Y 
= P' 

fa 
P 

X' min dependent. For X' 2 .5, R = 7.4 f 2.0, where the quoted error 

in R is dominated by the statistical uncertainty in Y . The fact 
P 

that R is significantly 'greater than unity suggests that the mecha- 

nisms for t production at large X' are different for pionb dud 

protons. This difference may indicate thst the antiquark in the n- 

plays a critical role in $ production. 

For a tote1 Fe inelastic cross section of - .7 barns our data 

gives for 

=-Fe * '# w qk ~8 = 109 + 55 nanoberns for X' > .45 

pF= -I-w UB = 41 + 21 nanobaros for X' > -375 
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Fig. 13 

Using inelastic cross sections of 32 mb for pp end 21 mb for np, 

neglecting absorption of the t in the Fe nucleus (= 5% effect) and 

using the branching ratio of $ into I@ (3) we find 

u&t) z 48 + 24 nanobarnslnucleon, X’ > .45 

upN(t) 2 27 + 14 ” II X’ > .3?5 

Extrapolating to X’ = .14, assuning no break in slope, multiplying by 

2 for production in the forward and backward hemisphere, we estimate 

that the total e production cross section in proton nucleon colli- 

sions is ss .54 + .36 microbarns. 

In Figs. 14 and 15 I show the dimuon effective mass spectra for 

all events, which satisfy the criteria discussed earlier, for the 

pion and proton beam runs. These data are not corrected for varis- 

tion of spectrometer acceptance with mass. I would like to point out 

only a few features of the low mese, 
% 

< 2.5 GeV, region of our 

data since we are still analyzing them. First, there is 8 general 

similarity in shape of the two mass spectra and an overall factor of 

- 2.5 higher yield by pions compared to the yield by proions even 

though the data is cut at e higher X ’ for the pion beam data than for 

the proton beam data (Xlmin is .45 for the pion beam data and .375 for 

the proton). Secondly, there is 8 peak in the mass spectrum at 

a 700 M~V which may or may not be entirely inclusive P” production. 

We have corrected the data for acceptance in the region 

1.2 5 M w1 5 2.5 GeV, see Figs. 11 and 12 and have found a M-* d,epen- 

dence with n c 6 for both the pion and proton beam data. We have 

also compared the yield per incident pion to that per incident proton 

above the same X’ min’ 
We find for X’ > .5, R(n/p) z 4.7 compared to 

R(n/p) = 7.4 f. 2.0 for the 4 region. These facts may &ggest that di- 

muons in the 1.2 < Mti, _ < 2.5 GeV mass region are produced by the same 

process by which t’s are produced and that the basic interactions by 
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which pima and protons produce dimuons are similar but differ L” 

strength. Finally, I vould like to remind you that we are still 

analyzing tha low am88 region and have not canuletelv understood 

apparatus effects in the measurement of these data in that region. 
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